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2. Al Gâ __ As Phase Diagram 9 
X X ~*x 

3. Time Dependence of As Concentration at the Inter
face 11 

4. Growth Techniques 14 

5. GaAs-Al Ga^_ As Energy Band Diagram 16 
X J.^X 

6. Lattice Constants for III-V Compounds 18 

7. Horizontal Multiple Bin Graphite Boat 21 

8. LPE Block Diagram 23 

9. Graphite Boat Assembly 25 

10. Quartz Tube Arrangement 27 

11. Photograph of LPE System 32 

12. Cross-Section of the Experimental Device 35 

13. Atomic Fraction y£. Doping Concentration for Sn . .38 

14. Liquidus Composition y£. Temperature for GaAs . . .39 
15. Solidus Composition in Al Ga^_ As y£. Liquidus 

Composition •̂ . .~^ 4 0 

16. Liquidus Isotherms in the Al-Ga-As System 41 

17. Atomic Percent y£. Doping Concentration for Ge. . .42 
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CHAPTER 1 

INTRODUCTION 

Although gallium arsenide has several advantages as 

a solar cell material (higher theoretical efficiency, higher 

operating temperature, greater radiation resistance) com

pared with silicon, its high surface recombination velocity 

limits the efficiency of gallium arsenide cells. However, 

high efficiency GaAs solar cells have been obtained by grow

ing a crystallographically matched layer of aluminum gallium 

arsenide on the gallium arsenide surface to form pAlGaAs-

nGaAs heterojunctions or pAlGaAs-pGaAs-nGaAs heteroface 

2 3 junctions. ' These results (and the results of measure-

4 5 
ments and calculations on double heterostructure (DH) 

injection lasers) support the argument that the AlGaAs-

GaAs interface is free of recombination centers. It does 

not follow that deep traps do not exist at the interface; 

if the interface is abrupt enough, new energy levels will 

be produced. Such levels have been observed for very thin 
6 7 

{<_ 200 A) AlGaAs layers grown by molecular beam epitaxy ' 
g 

and metalorganic chemical vapor deposition and inferred 

from measurements on similar layers grown by vapor phase 
g 

and liquid phase epitaxy. Solar cell AlGaAs windows and 

sandwich layers in DH injection lasers are considerably 

thicker (around one micrometer) and the corresponding inter

faces are probably much less abrupt, and such states may not 



exist; preliminary measurements on DH injection lasers have 

not inidcated their presence. However, no extensive 

measurements seeking deep traps in the AlGaAs layer have 

been performed. The development of multiheteroepitaxial, 

so called multicolor, cells, has stimulated interest in 

AlGaAs as a material itself, particularly at the AlGaAs-

GaAs interface, so that it has become important to seek 

and characterize trapping levels in the AlGaAs layer. 

Such work is the subject of this dissertation. 

The GaAs-AlGaAs heterojunction was grown on a gallium 

arsenide substrate by liquid-phase epitaxy (LPE), the most 

common technique for producing solar cells and hetero

structure injection lasers. In the most general terms, 

liquid-phase epitaxy is the growth of an orientated crystal

line layer of material from a cooling saturated or super

saturated liquid solution onto a crystalline substrate. 

For the epitaxy described here, the growth occurs on a single-

crystal substrate that has similar enough crystal structure 

and lattice dimensions to the growing layer to permit the 

continuation of the coherent crystal structure. LPE systems 

are not commercially available; therefore, a versatile LPE 

system, described in Chapter 2, was designed and built 

specifically for the research. The characterization of the 

fabricated devices is described in Chapter 3, and involved 

some novel measuring techniques required to accommodate 

measurements on relatively large area devices. A deep level 



transient spectroscopy CDLTS) system was designed and built 

to study and characterize the trapping effects in the space 

charge region of the heterojunction devices. Thermally 

stimulated capacitance (TSCAP) measurements were also per

formed to provide additional information about the presence 

and density of interface traps. Finally, detailed current-

voltage and capacitance-voltage measurement were performed 

at 105 K, 150 K, 200 K, 250 K, 300 K, and 350 K to provide 

information about the dominant current mechanisms which 

exist at the heterostructure interface. 



CHAPTER II 

GaAs-AlGaAs HETETIOJUNCTION DEVICE FABRICATION 

Introduction 

The epitaxial technologies that are used to produce GaAs-

AlGaAs heterojunction devices include liquid phase epitaxy 

(LPE), vapor phase epitaxy (VPE), and molecular beam epitaxy 

(MBE). Of these, the LPE technology is the simplest for a 

wide variety of III-V compounds and has been most extensively 

used for double heterojunction (DH) laser diodes and opto

electronic devices such as solar cells and light emitting 

diodes (LEDs). 

Basically, LPE involves the precipitation of material 

from a cooling saturated or supersaturated liquid solution 

onto a substrate of similar crystalline structure. The 

solution and the substrate are initially separated in the 

growth apparatus; the solution is saturated with the growth 

material at the desired growth temperature. The surface of 

the substrate is then brought into contact with the saturated 

solution and allowed to cool at a rate and for a time inter

val required for the growth of the desired layer. If the solu

tion also contains a conductivity modifier (dopant) it, too, 

precipitates and deposits with the semiconductor material to 

provide an epitaxial layer of a desired conductivity tape. 

If the substrate is a single crystal, and the material that 



precipitates from the solution has a lattice constant which is 

the same or nearly the same as the substrate, the precipitat

ing material forms a layer on the substrate which is an ex

tension of the single crystal body of the substrate. Two 

or more epitaxial layers can be deposited, one on top of the 

other, to form a semiconducting device which may incorporate 

p-n homojunctions or heterojunctions between adjacent epitaxial 

layers. 

(1) Growth Kinetics for L.P.E. 

LPE crystal growth involves the transition of a material 

from the liquid phase into the Solid phase. The driving force 

for the nucleation of crystals onto an underlying substrate 

is the supersaturation of the solution as the temperature is 

reduced. Precipitation from these solutions is most favored 

on substrates which have the closest lattice constant match 

to the solid crystal obtained from the original solution. 

In LPE, a lattice mismatch greater than 2% usually results 

in uneven nucleation on the substrate, polycrystalline growth, 

and poor surface morphology, primarily because the free energy 

of the crystal is increased by forcing a fit with the sub

strate. If the substrate is single crystalline with a 

matching lattice parameter, then, at the appropriate growth 

temperature, it becomes the favored site for nucleation and 

crystal growth. The liquid phase epitaxial process is also 

limited to applications where the solvent does not adversely 



affect the deposited layer. Fortunately, in the III-V com

pound semiconductors, the solvent is usually a group III ele

ment and indium are useful solvents for this type of work 

and their arsenides or phosphides may be used as solutes. 

Because the semiconductor materials of interest in this 

work are GaAs and AlGaAs, the following discussion and analy

sis will be focused on these systems. Figure 1 shows the GaAs 

phase diagram, which provides infoinnation about the relative 

concentrations of the components, Ga and As, in equilibrium 

as a function of temperature, for a constant atmospheric 

pressure. C detemnines the amount of arsenic required to 

saturate a Ga-As solution at a temperature T . At a tempera

ture T^ < T , and for the same concentration C of As, the 

2 o o 

solution is said to be supersaturated; that is, there is more 

As in the liquid solution than is required for equilibrium, 

and the difference, (C2-C ), is incorporated into the solid 

GaAs which precipitates. If this solution is in contact 

with a GaAs substrate, epitaxial deposition occurs and material 

grows on its surface. However, the solution may be supercooled 

if it is not in contact with a substrate and if no precipi

tation in the form of crystallites occurs; GaAs can be super

cooled to at least 10°C below the equilibrium temperature 
12 . . 

corresponding to its arsenic concentration. Similarly, 

undersaturation occurs if the temperature is raised to T^ > 

T^, and the concentration of As remains at C^. This is an 
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unstable situation because more As is required in the liquid 

in order that equilibrium be restored. Hence, meltback of 

a GaAs substrate positioned under such a solution would take 

place. For the ternary system, Al Ga^_ As, the phase dia-
X ^ X 

gram takes on a more complex and three dimensional appearance, 

as shown in the sketch in figure 2. The Ga-As plane is the 

phase diagram to GaAs, since AlAs is also a III-V compound. 

The Ga-Al phase diagram Cfront plane) shows the mixture 

between two metals which do not form compound solid phases. 

However, in the case of the phase diagram of the two semi

conductors, GaAs and AlAs, Cthe plane passing through the 

median GaAs-AlAs of the Ga-Al-As triangle), the two compounds 

are completely miscible in one another which means that the 

ternary compounds of the form Al Ga^_ As can be formed for 
X ^ ̂ X 

any x (0 £ x _< 1) . For a given temperature, T, the concen

trations C,^, C^,, and C„ in the liquid solution may be 
Ab Al Cja 

found for a particular Al Ga,_ As compound with a specified 
X ^ ̂ X 

X. Although these phase diagrams are not directly used to 

calculate the required quantities of material needed to 

fabricate a particular device, they do provide a qualitative 

description of the complex growth process as a function of 

temperature. 
(2) Growth Rate for LPE 

The growth rate of GaAs LPE layers can be obtained 

theoretically by calculating the rate at which As is removed 



I740°C 

i238°C 

660°C 

Figure 2. Al Ga,_ As Phase Diagram-
X ^ ̂  X 
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from the Ga rich growth solution and incorporated into the 

growing crystal. This transfer takes place because the 

solubility of As in the solution is decreased by lowering 

the temperat-ure. However, the rate of transfer cannot be 

obtained directly from the equilibrium liquidus curve for 

the GaAs system, since LPE growth is not an equilibrium pro

cess. The rate is governed by the diffusion of As through 

the solution to the growth interface, under the driving force 

of the concentration gradient that is established by the 

depletion of As from the solution in the vicinity of the in-

13 terface as illustrated in figure 3. Therefore, the basic 

method for obtaining the growth rate is to solve the one-

dimensional diffusion equation for the conditions appropriate 

to the experimental situation. 

D3^CCx,t) ^ d£ 
. 2 at ' 
9x 

where D = diffusion coefficient 

and C (x,t) = As (solute) concentration in the solution 

at a distance x from the substrate, is obtained for 

given boundary conditions. 

Then the amount of As per unit area that leaves the solution 

in time t is given by: 



11 

ki 

00 

CONCENTRATION 

Figure 3 Time Dependence of As Concentration 
at the Interface. 
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«t = 
3^ x=0 

and the resulting layer thickness is 

M 
-, _ t where C is the solute (As) 
d - ^ , s 

concentration in the grown 

layer. 

There are essentially three basic growth techniques which 

all have differing time dependence for the layer thickness. 

In the most commonly used technique for the growth of 

GaAs-Al Ga, As heterostructures, the GaAs substrate is X 1-x ' 

brought into contact with the equilibrium solution at an 

initial growth temperature T , and cooled together with 

the solution at an initial growth temperature for a pre

determined time. This is called the "uniform cooling" tech

nique, and is illustrated in figure 4. The boundary con

ditions are CCx,0) = CQ , CCO,t) = CQ - Ca/m)t. Where: 

a = cooling rate. C°C/minute) 
dT^ 

m = the slope of the liquidus curve, (g^) 
e 

14 15 
Then assuming a semi-infinite growth solution: ' 
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d = i C-^) c5) V2 3/2 
3 ^C m^ T̂T̂  ^ 

s 

The other two techniques are step-cooling and supercooling, 

also illustrated in figure 4. In step-cooling the melt is 

initially supercooled by lowering the temperature by an in

cremental amount which must be small enough so that nucleation 

of crystallites in the solution does not occur. The sub

strate is subsequently positioned under the melt at a con

stant temperature T^, whereby deposition of the semiconduct

ing material occurs because of supersaturation. The thick-

14 ness is found to be 

^.rp n ^/2 1/2 where AT = amount 
d = ^^=-=- (-) t 

C m S^ "̂  ' . 
s of supercooling 

Finally, when growth occurs via supercooling, figure 10, a 

supercooled solution is brought into contact with the sub

strate and cooling is allowed to continue. ' ' Since 

supercooling is regarded as the combination of the other 

two techniques, the thickness is obtained by applying the 

Theorem that for a linear differential equation the sum of 

the two solutions is itself a solution. Hence, 

1 D ^/2 1/2 4 ^/2 
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Before describing the apparatus and experimental pro

cedures developed for the LPE growth of GaAs-AlGaAs devices, 

some of the important aspects of the heterojunction will 

be considered, in particular lattice mismatch. 

C3) GaAs-AlGaAs Heterojunction 

Heteroepitaxy involving III-V and other semiconductor 

compounds has been the subject of extensive research in 

recent years. The GaAs-AlGaAs heterojunction in particular 

has received much attention in the development of LEDs, 

double heterostructure lasers and solar cells. A hetero

junction is a junction in a single crystal between two dis

similar semiconductors. The distinguishing difference is 

generally the band structure, and the most important feature 

of this structure is the energy gap. Figure 5 shows a 

representation of the energy band diagram for an abrupt n"*" - p 

GaAs-Al Ga,_ As heterojunction with a value of x = 0.3."'"'̂  

It is noted that the potential barrier for electrons (~1.8eV) 

is greater than that for holes (~1.4eV) and so the electron 

flow from n to p region may be small in comparison to the 

hole flow across the junction. Methods for obtaining a 

specific heterojunction band structure and its properties 

17 18 19 

are discussed elsewhere. ' ' There is considerable un

certainty as to whether LPE grown GaAs-AlGaAs heterojunctions 

are abrupt or graded junctions. In principle, the epitaxial 

process can result in an abrupt junction. However, inasmuch 
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as the process occurs at an elevated temperature, diffusion 

of the dopants can occrur, resulting in a graded junction. 

20 Photoresponse measurements by Womac and Rediker on GaAs-

Al^Ga^^^As heterojunctions prepared by liquid-phase epitaxy 

were interpreted in terms of a graded gap model. However, 

more recent photoresponse measurements on p-n heterojunc

tion prepared by molecular beam epitaxy (MBE) showed the 

same behavior as for the LPE samples. But MBE heterostruc

tures have been demonstrated to be abrupt, and hence the 

possibility that LPE heterojunctions are, too. 

From a crystallographic point of view, it is important 

to have a close lattice match between the deposited films 

and the substrate, otherwise high dislocation densities, 

poor surface morphology, and hence poor crystal growth can 

be expected. Figure 6 shows the lattice constants for a few 

of the III-V binary and ternary compounds. It is important 

to note that the gallium arsenide-aluminum arsenide system 

has a mismatch of only 0.16%, whereas the other compounds 

21 have mismatches greater than 2%. Thus the GaAs-Al Ga^_ As 
X J. ̂ X 

heterojunction system is unique among most heterojunctions in 

that very few interface states exist due to lattice mismatch 

and also because GaAs-AlAs systems are completely soluble 

in one another. 
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r.RACllCN Cr Gz.A% , IT\F^ or-G^Sb 

Figure 6. Lattice Constants for III-V Compounds. 
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C4) The Liquid-Phase Epitaxy System Design 

All liquid-phase epitaxy procedures depend upon utili

zation of the fixed relationship between temperature and solu

bility as predicted by the phase diagram, and upon the dynamic 

processes of diffusion, convection, and nucleation that 

are system and procedure dependent. The details of the 

apparatus and procedures used by different workers vary con

siderably. In general, these growth techniques have evolved 

in a semi-empirical way, each with a particular combination 

of furnace geometry and gross time-temperature parameters. 

Although epitaxial growth of AlAs-GaAs alloys on GaAs 

substrates is aided by the almost perfect lattice match 

between these two compounds, multiple layer growth of hetero

junction structures is complex because it requires layers 

with different compositions and dopings. In addition, the 

interfaces between these layers should be flat; there should 

be no contamination from one growth solution to the next; 

and the final surface of the processed wafer should be free 

of any solution, to permit the application of ohmic contacts. 

The technique used in this work for GaAs and Al Ga^_ As 
J^ ^ X. 

growth is the horizontal multibin graphite boat procedure. 

There are many other possible designs of the growth appa-

2 2 2 3 ratus, ' but variations of the linear multiple bin graphite 

24 25 boat are the most popular. ' This technicjue permits the 

growth of successive layers of semiconductor material to be 
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deposited on the substrate. As shown in figure 7, a GaAs 

source wafer, usually polycrystalline, precedes the substrate 

wafer to assure saturation of the solution in each bin before 

growth on the substrate is initiated. The importance of this 

technique lies in the large choice of possible solutions and 

temperature variations and in the ability to grow multiple 

heterojunction layers sequentially. 

(a) Block Diagram of the LPE System 

26 
The system originally reported, was designed around 

an existing three-zone Lindberg Hevi-Duti furnace, model 

54676-A, in order to help keep the initial cost of the work 

low. However, although this system demonstrated that epi

taxial layers could be grown on GaAs substrates, it was 

found to have several limitations, including the following: 

i. h IH hour nitrogen purge was necessary before 

the end plate could be removed either to load or 

unload the graphite boat. During a typical run, 

where the end plate has to be removed four times, 

a total of 6 hours was required for purging alone, 

ii. Cooling the boat to room temperature in the end 

zone required several hours, as the majority of 

the tube itself always remained in the furnace, 

iii. Control of the cooling rate during the growth 

period was not good. 

To overcome these problems, slight modifications and additional 
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equipment were necessary. The block diagram in figure 8 

illustrates the organization of the basic ecjuipment and appa

ratus required for the modified LPE system, used in this work. 

A high purity graphite furnace boat is positioned inside a 

quartz diffusion tube. The input stage provides a very high 

purity dry hydrogen gas which is essential for the growth 

of good epitaxial layers, (as discussed in a later section), 

and also has the capability for purging the system or com

pletely evacuating it. The gas passes through the quartz 

tube, over the boat, and is then vented out of the system via 

a bubbler. A Marshall single-zone furnace, into which an 

isothermal furnace liner has been inserted, provides the source 

of heat for the system. The temperature is controlled with 

a Eurotherm temperature controller and SCR unit, and with 

ramp cooling capabilities from a Eurotherm temperature pro

grammer. 

The actual boat temperature is monitored by a platinum-

platinum 13% rhodium thermocouple which is encased in a quartz 

sleeve and positioned in contact with and on the top of the 

boat during growth. The voltage generated by the thermo

couple is measured using a sensitive digital microvoltmeter. 

A quartz push rod is used to move the boat inside the quartz 

diffusion tube. 

The design and fabrication of each of the stages are 

described in more detail in the following sections, and the 



23 

u 
o 

cd 3 

(d 
c 
C E 
Cd 3 
£ 3 a 
u u E 
0) Cd 3 
S > 

E 

0) 
Ui 
3 

UcP 
0) 
JC 
+» 
o 
S.4 
3 
u 

Cd 
u 
0) 

^4 

<D 
E 
S 
cd 
u 

a t)0 
G 
a> 

o 
u 

H O . 

0) 
u u 

E 3 0) 
l -+» iH 
0) ed f-« 
jr u o 
•P 0) t i 
o a-p 
ti s c 
3 0) O 
Cdt^CJ 

' ' 

o 
>o 

H O 
•H ® r-l 
Cd a 
X: d rH 
to e <D 
Cd 3 o 
Z b E 1 

b 

P * 

e 

(d 
•H 
Q 

o 
O 

• H 
CQ 
W 

00 

•H 

t4 



24 

operating procedures for the equipment are contained in 

Appendix C. 

Cb) Graphite Furnace Boat 

The design and fabrication of the graphite furnace boat 

requires the utmost care and consideration as it is within 

the boat that the growth of epitaxial layers occurs. The 

final design is shown in figure 9. It is machined out of a 

high purity, very dense, fine grained graphite of uniform 

thermal conductivity and sharp minimum radius machinability, 

purchased from Poco Graphite Incorporated, CDFP-3-2 grade). 

After the graphite furnace boat was machined, it was returned 

to the graphite vendor for purification. During purification, 

the boat is heated above 1000''C. and is carbon impregnated and 

regraphitized to fill up any pores that may be present, 

thereby ensuring a high density and high purity material. 

The graphite boat is essentially made of two interconnect

ing parts. The upper part contains four equally spaced cham

bers, 0.500 inches square, which retain the solutions of the 

required semiconductors and dopants. The spacing between 

each chamber is minimized, (0.250 in), so as to make the 

growth of seve-al epitaxial layers an almost continuous pro

cess and also to minimize the overall length of the boat. 

Surface tension and small fabrication tolerances help to 

prevent the migration of solutions from one well to another. 

The bottom part of the boat, called the slider, has two re-
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cesses, the source wafer recess, Ĉ  in by h in), and the sub

strate wafer recess, (h in by |g- in) . The depth of these 

recesses is 0.017 inches, thereby allowing a typical (0.015 

in thick) substrate to sit approximately 0.002 in below the 

upper surface of the slider; as a result there is no damage 

to a newly grown surface when the slider is moved. The 

slider and the upper part of the boat fit snugly together 

by means of a dovetail joint arrangement. This type of joint 

provides a good solid connection, yet allows the slider to 

move under the boat, enabling the substrate and source 

wafers to be sequentially positioned underneath any one of the 

four wells. One of the main advantages of this design is that 

the two parts can be quickly and easily separated and thoroughly 

cleaned after being used. 

(c) Quartz Tube Assembly 

The quartz tube assembly is shown in figure 10 and con

sists of a quartz diffusion tube, 48 inches long and 45 mm 

I.D. by 47 mm O.D., with an 8 mm diameter quartz rod fused 

horizontally and diametrically across the inner part of the 

tube, 7 inches from the far end. The graphite boat is slid 

into the tube and pushed up to the cross-bar, so that the 

upper part of the boat makes contact with it, preventing 

further motion. However, the slider is free to slide under

neath the rod. This barrier is essential for the operation 

of the furnace boat; during the growth program the slider 

containing the substrate must move relative to the upper 
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body so that the substrate, which is in its recess in the slider, 

can be sequentially positioned under each chamber. The weight 

of the boat and its low position of contact in the tube pre

vent any significant rotational effects. 

Very high purity hydrogen gas is introduced into the 

far end of the tube through the small quartz tube which is 

positioned alongside the main tube. This allows a continuous 

hydrogen flow whilst the tube is positioned either completely 

out of or partially inside the hot furnace for rapid cooling 

and heating. A stainless steel end plate provides the cover 

for the open end of the diffusion tube. A rubber gasket is 

included to cushion and seal the metal-quartz interface and 

also to prevent contact damage to the quartz tube. The end 

plate has three outlets: the push rod connection, the thermo

couple connection, and a hydrogen outlet tube. It is very 

important to prevent oxygen from entering the system as its 

presence not only causes a potentially explosive condition 

27 

but it has been shown by Solomon and others that the pre

sence of oxygen contamination during the growth process 

contributes to poor LPE film formation. Therefore the system 

is sealed by using stopcock grease (Apiezon 101) on the rubber 

gasket and by using 0-ring sealed fittings (Cajon Ultra-Torr) 

welded to the stainless steel end plate. When the fittings 

are tightened, the 0-ring compresses down around the quartz 

push rod or thermocouple sleeve to provide an air-tight seal. 
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The hydrogen outlet vent tube is connected to the output 

stage of the system by a stainless steel (Swagelok) fitting. 

The clamp mechanism which holds the plate firmly against the 

end of the tube is quickly and easily removed by unscrewing 

the three wing nuts. 

(d) Gas Line and Hydrogen Purifier 

The hydrogen gas is a dry high purity (99.96% or better) 

commercial grade and is obtained from cylinders. It then flows 

through an element, (Matheson Model 64-1010 oxygen removing 

purifier), which removes oxygen by catalytically combining 

it with hydrogen to form water vapor; oxygen removal is to 

within 1 ppm. Because the reaction is exothermic, the water 

formed is carried off as a vapor -with the hydrogen but is 

subsequently removed downstream by a water removal filter. 

A high purity 5 yra filter is inserted to ensure that the re

sulting gas does not contain any particulates which may con

taminate the system or the palladium diffusion hydrogen puri

fier (Matheson Model 8361) . This diffusion purifier provides 

ultra-pure hydrogen by diffusing atomic hydrogen through a 

heated palladium-silver membrane. Because only hydrogen can 

diffuse through this membrane, any impurity gases that are 

present are filtered and vented out through a bleed vent. 

The starting and operating procedures for the purifier can be 

found in Appendix C. The ultra-pure hydrogen flows freely into 

the quartz tube with a maximum flow rate of approximately 1.2 
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liters per minute. After passing through the tube, the gas 

is vented out of the system via a bubbler which contains low 

vapor pressure silicone oil. A reservoir head prevents oil 

from being sucked back into the system in the event that the 

gas pressure becomes less than atmospheric. The gas flows 

through stainless steel tubes and control valves. All con

nections are stainless steel compression fittings (Swagelok). 

Pressure gages monitor the input and output pressure of the 

hydrogen purifier. The input pressure should never exceed 

250 psig to prevent damage to the palladium alloy tube. 

The block diagram, figure 8, also shows connections 

to a nitrogen supply and a vacuum system. These are required 

for purging the hydrogen purifier and the system during 

start up and shut down (described in Appendix C). A Welch 

mechanical pump and a Varian vacsorb piamp are used for evacu

ation. 

(e) Furnace and Isothermal Furnace Liner 

An elevated temperature, usually between 700 °C and 

950 °C, is required for LPE deposition. Heat is provided by 

a single-zone Marshall furnace. Model 1069. The temperature 

of the furnace is controlled by a Eurotherm digital setpoint, 

potentiometric temperature controller. Model 918, a Eurotherm 

SCR assembly, Model 932, and a Eurotherm temperature programmer. 

Model 125. Together, these units provide a versatile system 

for ramp cooling or heating at rates ranging between +0.01 
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°C/rain and +1.9 °C/min, in the temperature range, 0 to 999 

°C. The furnace is mounted on wheels to permit movement, 

back and forth along a straight track, thereby allowing the 

hot furnace to be completely moved away from the boat con

tained in the quartz tube, for rapid cooling to room tempera

ture. Nitrogen purges are not necessary as loading and un

loading of the tube can be performed while hydrogen is flow

ing at room temperature 

It is essential that the temperature profile be very 

stable and as linear as possible along the length of the boat. 

Heat losses through the end of the furnace are minimized by 

using Fiberfrax, a thermal insulating material. However, for 

a single zone furnace, fluctuations with time tend to occur 

and so an isothermal furnace liner (sodium heat pipe), is also 

incorporated within the furnace. It is a cylindrical inconel 

tube having a very high thermal mass and filled with sodium, 

which stabilizes any temperature fluctuations and ostensibly 

provides temperature uniformity to within 0.5 °C over its 

length. A photograph of the entire liquid-phase epitaxy 

system is shown in figure 11. 

5. Impurity Incorporation in GaAs and AlGaAs LPE Grown Material 

In order to fabricate p-n heterojunction diodes, a con

ductivity modifier (dopant) must be added to the growth solu

tion. The most common impurities used to dope GaAs from the 

group II elements are zinc, magnesium, and cadium. These 
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Figure 11. Photograph of LPE System. 
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elements substitute for the trivalent gallium atoms and lack 

one electron necessary to complete the tetrahedral bonds, 

thereby acting as acceptors. Sulphur, selenium, and telluriiim 

from group VI may be used as donor impurities. Here the ele

ments substitute for the pentavalent arsenic atoms and, hav

ing one excess electron, behave as donors. 

However, because the semiconductor is a III-V compound 

material, elements from group IV can also be used as dopants. 

The substitution of a group IV element does not follow the 

simple rules of groups II and VI, in which replacement takes 

place in one sub-lattice at a time. There are several possi

bilities for a group IV substitution: occupance of one sub-

lattice only, and behavior as a donor or acceptor; occupance 

of two neighboring sites as pairs, and electrical neutrality; 

or simultaneous substitution in both sub-lattices in unequal 

numbers, and compensated doping. The most important group IV 

elements are silicon, germanium, and tin, which are referred 

to as amphoteric dopants. Silicon and tin normally both act 

as donors, whilst germanium acts as an acceptor. 

Together, the dopants for GaAs and AlGaAs fall into 

several categories, volatile and nonvolatile, amphoteric and 

nonamphoteric. For volatile impurities, such as S, Se, Te, 

Cd, and Zn, significant amounts of dopant may be lost during 

the crystal growth because of the high vapor pressure of 

the dopant at the growth temperature; the amount and uni-
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formity of the dopant incorporated into the crystal depends 

not only on the distribution coefficient but also on the vapor 

pressure of the impurity. Less volatile dopants, such as 

Ge, Si, Mg, and Sn, can be added directly to the saturated 

solution in the desired amount without much concern for the 

vapor pressure. Compared to Te or Zn, relatively high Ge 

and Sn concentrations in the liquid are required in order 

to obtain useful impurity concentrations in the solid. 

These properties permit the use of liquid solutions for LPE 

that contain easily weighable quantities of Ge and Sn, and 

they do not cross-contaminate the other solutions by vapor 

transport. One other important property of germanium is that 

-13 it has the lowest diffusion coefficient (D = 2x10 cm/s at 

900 °C)^^ of all the available acceptors. This is essential 

for a true heterojunction structure. 

(6) Device Structure 

The cross-section of the experimental device is shown in 

figure 12. A silicon doped n type, GaAs substrate, grown by 

the Bridgman technique (purchased from Laser Diode Labora

tories Inc.) is used as the growth seed. It is desirable that 

the substrate have a high carrier concentration and a low 

dislocation density. Silicon-doped material is found to 

satisfy these requirements best; it is to be noted that sili

con-doped GaAs, grown from the melt, is always n-type, in 

contrast to LPE-grown material, where the growth temperature 
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determines the majority carrier type. For the substrate 

material chosen for this work, the carrier concentration is 

18 18 '̂  

between 3 x 10 and 4 x 10 cm , the etch pitch density 

(EPD) < 1300, Cconsidered low) , the crystal orientation is 

ClOO), and the surface is chemically-mechanically polished. 

A square recess in the slider is used to hold and contain 

the substrate during LPE growth; by choosing the (100) orien

tation, the material can be naturally and easily cleaved into 

square or rectangular shapes. In order to minimize sub

strate effects, an intermediate n-type GaAs layer is grown 

on the substrate, which serves as a new substrate for the 

AlGaAs layer. Because tin is a convenient impurity to handle 

and has a low diffusion constant, it was chosen as the n-
18 type dopant, to provide a carrier concentration of 1 x 10 

cm in the buffer layer. The thickness of this layer is 

approximately 12 ym, although this is by no means a critical 

dimension. Germanium diffuses very slowly in AlGaAs and GaAs 

at LPE growth temperatures and is used as the p-type dopant 

for the AlGaAs layer to prevent the formation, by diffusion, 

of a p-n homojunction in the GaAs buffer layer. The measur

ing technique (Chapter III), for deep level trap character

ization in the AlGaAs layer requires that the device be re

verse biased and that depletion take place in the AlGaAs 

layer; hence a one-sided junction is recjuired. A germanium 
17 -3 concentration of 1 x 10 cm was chosen to establish a 
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10:1 ratio for the respective depletion regions. Both tin 

and germanium are shallow impurity dopants, tin having an 

ionization energy of Q.006 eV '-^^ and germanium, 0.06 eV, 

29 for an al\iminum content x = 0.3. CAn aluminum composition 

of X = 0.3 is used primarily because it is a typical value 

for confinement and active layers in heterostructure lasers 

and for its possible use in multiheteroepitaxial (multicolor) 

colar cells.) Ohmic contact is made to the n - GaAs sub

strate by evaporating and sintering a eutectic (12% wt. Ge) 

Au-Ge alloy, and to the p-AlGaAs layer by depositing elec-

troless plated palladium and sintering. 

(7) GaAs-AlQ oGa^ -As Heterostructure Growth 

The uniform cooling technique described in Section 2 is 

the most commonly used technique for the growth of GaAs-Al Ga^_ As 

heteroscructures and has been adopted as the method for LPE 

growth in this work. It is convenient to determine the re

quired amounts of arsenic, aluminum, tin, and germanium as 

weight ratios of the amount of gallium placed in the solution 

chamber of the graphite boat. An initial growth temperature 

of approximately 850 °C is used for all the devices. The 

atomic fractions of the components at the growth temperature 

must be established in order to determine the solution com

positions necessary to yield the desired solid composition of 

a layer. Empirical data for the atomic fractions at different 

29 31 32 
temperatures are shown in figures 13 through 17. 
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CArsenic is introduced in the convenient form of polycrystal

line GaAs.) Although there has been no similar data pub

lished for germanium in Al^^^Ga^^^As, it is generally accepted 

that a very good estimate may be obtained from the GaAs data, 

for an aluminum content x = 0.3, by using the value for one 

order of magnitude greater than that required for the AlGaAs 

layer. The method for calculating the required amounts 

of material is discussed in detail in Appendix A. The re

sults of these calculations for the proposed device structure 

are: 

Ci) GaAs, Sn doped, 1x10"*-̂  cm""̂  

^GaAs = Q-l ^Ga ^ ^ 

^Sn = 0-1^ ^Ga ^ ^ 

Cii) AIQ 2^^O 7^^' ̂ ® doped, IxlO"*"̂  cm""̂  

^GaAs =0-055 W^^ gms 

W^g = 0.00465 W gms 

^Al ^ 0.00104 W gms 

31 
These values were also experimentally verified by photo-
luminescence (PL) measurements on typical sample devices. 

The weight of gallium used in each chamber is usually 

4 grams (approximately 5 mm in depth in the boat chamber). 

Too little gallium causes the solution to ball up and only 

partially cover the substrate. Too much gallium may cause 

precipitation throughout the solution, thereby creating 
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platelets of GaAs and producing poor, uneven epitaxially 

grown layers. Graphite weights are sometimes used to help 

spread out small volume melts in the chamber. However, it 

was found in this work that such weights prevented the puri

fied hydrogen gas from flowing over the solution and react

ing with the melt. This is an essential requirement for 

the purification and removal of residual oxygen from the 

boat and melt and therefore weights were not used. 

C8) Growth Procedure 

The growth procedure consists of a series of steps 

which span a two day period. Six nines purity gallium and 

five nines purity aluminum, germanium, and tin are used to 

minimize undesired impurity contamination; undoped GaAs 

polycrystalline source material, with a low background 

15 -3 
concentration (n < 10 cm ) is used to prevent dopant com
pensation effects. 

All the materials are cleaned (described in Appendix B) 

and stored in isoprapanol until their use. The various 

materials, except for the source and substrate wafers and the 

aluminum, are blown dry with filtered nitrogen gas and then 

loaded quickly and carefully into their respective solution 

chambers in the boat. The boat is then positioned inside 

the quartz tube and the system flushed with hydrogen for at 

least two hours. The next step, prebaking, has been found 

to be an essential part of the LPE process. This involves 
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heating the melt materials to 920 °C under a steady flow 

of purified hydrogen gas CIQQO cm /min) . Prebaking seorves 

as a purification mechanism by way of reduction of the gal

lium oxide by the hydrogen gas, and the desorption of water 

vapor and oxygen absorbed by the porous graphite boat. The 

duration of this process has been determined experimentally 

to be at least 12 hours; here, prebaking is done for 15 hours 

overnight. Aluminum is not included in the prebake as it 

tends to oxidize easily, inhibiting layer growth, and result

ing in poor surface quality and a smaller aluminum content 

in the grown layer. The GaAs source and substrate are also 

not prebaked because the sustained high temperature degrades 

the surface quality of the material and thermal decomposition 

can occur. After the prebake, the boat is rapidly cooled 

by rolling the furnace away from the quartz tube. Freshly 

cleaned and prepared materials, aluminum and the GaAs source 

and substrate wafers, are blown dry with nitrogen and quickly 

loaded into the boat, which is positioned at the front end 

of the quartz tube; hydrogen flows at all times. The alumi

num is placed on the gray crust formed in the second solu

tion without penetrating it. This crust helps to protect 

the solution from oxidizing during the loading process. The 

crust may occasionally collapse; however, deliberate pene

tration of the crust should be avoided. The source and sub

strate wafers are quickly loaded into their respective 
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recesses and covered with a small piece of graphite to pre

vent thermal decomposition. Loading is completed as quickly 

as possible Ctwo minutes), and the end plate replaced. Once 

the boat is positioned against the cross-bar in the quartz 

tube, the thermocouple is installed, and rests on the top 

of the boat. After at least a two hour hydrogen purge, the 

boat is quickly heated up to 900 *'C to create an undersatur-

ated condition in the second melt, and so ensure that all the 

aluminum actually melts into the solution. Aluminum and ar

senic are essentially in competition to saturate the gallium 

solution, but arsenic goes in faster. If all the aluminum 

is not dissolved, then the calculated value of the mole 

fraction, x, will be less in the actual grown device. Once 

the temperature has been reached, the furnace is ramped cooled 

at 850 °C and allowed to settle. For the uniform cooling 

technique used in this work, it is important that the solu

tions are exactly saturated at the temperature at which 

deposition takes place. To achieve this, the slider is pushed 

under the boat so that the undoped polycrystalline GaAs wafer 

is positioned exactly under the first melt; the temperature 

is then raised by 5 °C. Under these conditions, the source 

wafer may dissolve a small additional amount of material 

into the melt of the first solution; if melting occurs, it 

continues until the solution is saturated. This procedure 

assures complete saturation even if the melt temperature 
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and the quantity of GaAs required for saturation are not 

exactly known. Calculations in Section 7 provide very close 

values and the source wafer takes care of any slight under 

or oversaturated conditions. After one hour, equilibrium and 

complete homogenization of the melt is assumed to exist and 

epitaxial growth is begun. A cooling rate, a = 0.5 °C/min, 

is set on the temperature programmer, and cooling is initia

ted. The time-temperature program is illustrated in figure 

18. Because of the large thermal mass of the isothermal fur

nace liner there is approximately a four minute delay before 

the boat itself starts to cool. At that time, the slider is 

moved until the substrate is positioned under the first equi

librium solution and epitaxial growth commences. The substrate 

recess is designed so that the spacing from the source body 

recess to the substrate recess is equal to the distance 

between adjacent chambers. Therefore, whilst the boat is 

being cooled for the deposition of the GaAs buffer layer from 

the first solution, the second solution, which is cooled at 

the same rate, has the GaAs source wafer sitting directly 

underneath it, ensuring that this solution is in equilibrium 

and kept saturated during the growth period. The thickness 

of the buffer layer is essentially only a function of time, 

as all the other parameters remain constant; therefore, after 

cooling for the required time, the slider is moved again until 

the substrate is under the saturated AlGaAs solution in the 
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second chamber. If cooling is continued at the same rate, 

a Ge-doped AIQ 3GaQ -As layer is deposited on top of the 

Sn-doped GaAs buffer layer. In this work, only two layers 

were required; however, the same procedure can be repeated 

by moving the slider from solution to solution, so permitting 

two additional layers to be grown. When all the required 

epitaxial layers have been grown, the substrate is positioned 

under the graphite in the region between the last chamber and 

the end of the furnace boat. The furnace is then rolled 

away and the boat and quartz tube rapidly cooled to room 

temperature. The boat is then unloaded from the quartz 

tube and the substrate carefully removed from the recess. 

A detailed description of the preparation and cleaning pro

cedures for the LPE system and growth materials is contained 

in Appendix B; the detailed LPE operation is described in 

Appendix C. 

C9) Surface Morphology 

The initial work performed on the LPE system was to 

develop an optimum growth technique. This involved many 

runs in which different parameters of the system were varied 

and the results observed by examining microscopically the 

quality of the grown layers. Although layers of GaAs were 

successfully grown, the surface morphology was not good. As 

shown in figure 19, an examination of a typical surface of 

the GaAs buffer layer with a microscope revealed small in-
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Figure 19. Photograph of Inclusions in LPE Grown 
GaAs. 
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elusions which were circular in shape and approximately 10 ]im 

in diameter. The parallel lines seen on the photograph are 

meniscus lines caused by the wave effect of the solution as 

the substrate is removed from under it. It was suggested 

that these surface defects may be due to either carbon 

(graphite) or oxygen or even possibly both elements. "̂"̂'"̂"̂  

Any new graphite boat tends initially to generate a small 

amount of graphite dust as the moving parts rub against 

each other. If this dust should get into the solution, 

it may be deposited along with the GaAs onto the underlying 

substrate, thereby causing poor surface morphology. If this 

is the dominant effect, it should disappear with time, use, 

and constant cleaning, as the surfaces of the boat become 

smooth and polished. After many runs, it became apparent 

that the surface morphology was not significantly improved, 

and it was concluded that oxygen was entering the system. 

Assuming that the gas system and purifier were producing 

better than 1 ppm purity hydrogen, the only possibilities 

for the introduction of oxygen were during the loading and 

cleaning of the boat, and as gallium oxide. 

The boat, being porous and having a large surface area, 

may absorb oxygen and water vapor while being cleaned and dur

ing the loading with the source materials and gallium. 

Although six nines purity gallium was sued, gallium oxide 

can form during the pre-run preparations, as the gallium 
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has to be melted and weighed out into teflon dishes before 

loading into the boat. The initial runs used only a four 

hour prebake: this was not long enough to remove any trapped 

oxygen and water vapor from the system. Once the prebake was 

extended to 15 hours, the resulting growths were good, the 

density of inclusions observed were drastically reduced, 

and the surfaces were almost totally clear and mirror-like. 

Thus, the primary cause for the initial poor surface morpho

logy of the grown layers is directly related to residual 

oxygen and water vapor and not graphite dust, indicating 

that the main purification mechanisms are likely to be due 

to reduction of Ga202 by hydrogen gas and the desorption of 

H2O and O2 absorbed by the porous graphite boat. One other 

problem which developed from time to time was poor melt wipe-

off. When the substrate is moved from under the last melt, 

part of the melt is also carried through, leaving a small 

puddle of saturated gallium on the grown surface. This is 

a typical problem for LPE workers but is usually not a seri

ous one, as there is normally enough remaining area to provide 

many devices. 

(10) Cross-Section of n-GaAs/p-Alg 3GaQ -As LPE Grown Material 

There are many techniques that have been developed to 

stain or delineate electrical (p-n junctions) and material 

(alloy heterojunction), or both, interfaces of III-V compounds. 

34 However, the universal A-B etchant for III-V compounds 
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requires only one etchant for both types of interfaces, is 

easy to use and provides good delineation of the interfaces; 

it is therefore used in this work. The A-B etchant is stored 

in two separate plastic squeeze bottles: an A solution C40 

3 3 

cm H^O + 0.3 g AgNO^ + 40 cm HF) and a B solution C40 g 

CrO- + 40 cm H2O) • Once prepared, these sol-utions may be 

stored indefinately as long as they are not mixed. The 

etchant is mixed by squeezing out equal parts of A and B 

into a plastic beaker. The n -GaAs/n-GaAs and the n-GaAs/p-

AlGaAs interfaces are delineated by dipping a cleaved edge 

into the solution for approximately five seconds at room 

temperature, then rinsing in deionized water. A photograph 

of a typical stained junction and interface is shown in 

figure 20. The thickness of these layers is easily measured 

under an optical microscope which has a resolution of a few 

tenths of a micron. 

(11) Thickness vs Time Data 

The precise conditions during growth for a particular 

LPE system cannot be absolutely determined. However, if 

all the external parameters remain the same from run to run, 

and only the growth period is varied, a set of reproducable 

thickness vs. time data can be established for the system. 

Figure 21 shows the two sets of data collected for GaAs and 

the Al^ -jGâ . ̂ As growth on Si doped (100) GaAs substrates. 
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A tolerance of less than + 0.5 jim is assumed and considered 

to be acceptable for this work, as the absolute thickness is 

not critical. The results indicate that the layer thicknesses 

do in fact follow the theoretically derived (time) ̂ '̂ ^ law for 

uniform cooling. 

(12) Material Characterization 

In order to correlate the theoretically predicted values 

of the dopant concentrations and the aluminum content with 

some actual grown device values, photoluminescence studies 

were performed by RCA Laboratories on three typical sample 

devices. Photoluminescence CPL) is an analytical tool used 

to determine the bandgap energy of the material and the 

approximate carrier concentration. The bandgap of Al Ga, As 

is a function of the aluminum composition, x; a bandgap of 

1.8 eV is expected for x = 0.3. The results are tabulated 

in figure 22. The aliominum content is within + 2% of the 

calculated value and the concentration of the dopants is 

within 10% of the calculated value; these are considered 

very acceptable. The consistency of the aluminum content 

in the samples provides a good indication of the tightness 

of the system and homogenization of the melt. If the system 

had any significant residual oxygen or an oxygen leak, then 

the aluminum concentration would be much lower than calcu

lated and also erratic, because of oxidation of the alumi

num. On the basis of these results, several runs were made, 

each having the final device structure shown in figure 12. 
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C13) Contacts 

Ohmic contacts in III-V materials have been extensively 
35 36 37 3ft 

reviewed ' ' ' ; in this work the gold-germanium eutectic 

composition (12% germanium by weight) ̂ '̂"̂ '̂̂ ^ has been used. 

Contact to GaAs is made by evaporating a film of the eutectic 

alloy around 3500 A thick Cthe evaporation technique is des

cribed in detail in Appendix C), and sintering at approxi

mately 44 0 *C in hydrogen for two minutes. Contact to AlGaAs 

is usually made through an intermediate layer of heavily-

doped p -GaAs, but in this work a second heterostructure 

could not be permitted. Ohmic contacts to AlGaAs have been 

obtained successfully using an electroless palladium plat

ing technique on p-type AlGaAs with doping concentrations 

greater than 5x10 cm . The procedure, which is des

cribed in detail in Appendix C, consists of chemically clean

ing the surface, immersing it in a diluted palladium solution 

for 20 minutes and then rinsing in deionized water. The 

ohmic contact is made less resistive by sintering for 2 

minutes at 440 °C in hydrogen. In order to avoid excessive 

and unnecessary heat treatment, sintering for the Au-Ge and 

the Pd contacts are done simultaneously. 

(14) Device Chips and Mounting 

After metallization, the wafers are mounted with Salol 

(phenyl salicylate) on to the cutting pad of a wire saw; 

individual devices are then cut out of the substrate. A 2 

mm square device was chosen for several reasons: 
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(i) The larger the area of the heterojunction, the 

larger the total number of possible traps and 

hence an increased sensitivity for transient 

capacitance measurements. 

Cii) The strain introduced by thermocompression bond

ing is avoided by using a silver epoxy paste. 

However, this places a physical lower limit on 

the size of the devices that can be handled 

without shorting out the device. 

Ciii) There is very little information respecting 

transient capacitance measurements on large 

area junctions. 

After sawing, the devices are degreased and mounted with 

silver epoxy (Epo-Tek 417, Epoxy Technology Inc.) onto T05 

headers. This adhesive has a very high conductivity (0.00005 

ohm-cm) with an operating temperature range down to 4 K. 

the n -GaAs side is adhered onto the body of the header, 

as shown in figure 23. A short wire is epoxied from the 

center of the p-AlGaAs side to one of the header leads. 

Only a small amount of the silver epoxy is applied to the 

center of the device to avoid spillover to the edges, and 

shorting out the device. The caps for the headers are 

attached with a thermally conductive but electrically insu

lating epoxy (Epo-Tek H70E), in a dry helium environment 

to avoid condensation of gases at liquid nitrogen temperatures 
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conductive silver 
epoxy, Epo-Tek 41? 

\ 

contact lead 
device 

UP 

_ TO-5 
header 

J N 

Figure 23. Device Mounted on TO-5 Header 

TO-5 header 
thermally conductive 
epoxy, Epo-Tek H7QE 

copper-tellurium 
alloy stud 

Figure 24. TO-5 Header Mounted in Copper Stud. 
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Finally, the header is bonded upside down in a copper-tel-

luriiim alloy stud, as shown in figure 24, using thermally 

conductive epoxy for good thermal contact and electrical 

isolation. This is essential for the accuracy of the mea

sured temperature of the device during its characterization, 

described in Chapter III. 

CIS) Preliminary Device Characteristics 

Several identical heterostructures were grown on GaAs 

substrates; around 20 devices were cleaved from these and 

mounted onto standard TO-5 headers, as described in the 

previous Section. During the many processing steps, espec

ially the latter ones, some of the devices were damaged and 

became shorted or very leaky. These were rejected after ob

serving their I-V characteristics on a curve tracer. The 

remaining devices all had turn-on voltages around one volt, 

and a breakdown voltage of approximately nine volts, as 

illustrated in the photographs in figure 25. Some of these 

devices had higher series resistance than others, but all 

devices were characterized. 

When a sufficiently large reverse bias voltage is applied 

to the p-n junction, the junction "breaks down" and conducts 

large currents. Assuming a one-sided abrupt junction with 

17 —3 a concentration of 1x10 cm on the lightly-doped side, 

8 
the breakdown voltage is predicted to be 18 volts, twice 

the measured value. Neither etching nor beveling the edges 
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Typical Forward I-V Curve; 0,5mA/div,0.5v/div. 

Typical Reverse I-V Curve; 0.5mA/div, 2v/div, 

Figure 25. Photograph of Typical I-V Characteristic 
(Device 2). 
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of the device appeared to affect the breakdown voltage. A 

thicker Al-. ̂ Ga^ -As layer, 10 jim, was grown, but the break

down voltage was again unaffected. Therefore, it was con

cluded that the breakdown voltage for these devices is bulk 

dominated. However, if the doping concentration on the 

17 -3 lightly-doped side is 2x10 cm , a breakdown voltage of 

approximately 10 volts is predicted. This value agrees 

much more closely with the experimental value. 

For an abrupt heterojunction, the depletion capacitance 

is given by, 

1/2 

q N^ N^^TE, 
C = A 

2Cs^N^ + S2 N^)CV^^-V) 

2 
A = c r o s s - s e c t i o n a l a r ea Com ) 

-14 e = permittivity of GaAs = 11.5x8.854x10 
-14 

£ = permittivity of AIQ ̂ GaQ^^As = 10.5x8.854x10 

N = Donor concentration in GaAs 
D 
N = Acceptor concentration in AIQ ̂ GaQ^^As 

V. . = Built in junction potential 
bl 

-19 
q = Electronic charge, 1.6x10 C 

Figure 26 is a plot of 1/C^ vs. V; assuming a one-sided 

junction, the value of the acceptor doping concentration 

on the lightly doped side is obtained from the slope of the 
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Figure 26. (Capacitance) vs. Voltage Curve (Device 2) 
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curve. The average value for all the devices was approxi-

17 -3 
mately 2x10 cm . This result not only confirmed that 

the germanium doping concentration was close to the desired 

value, but also explained the lower breakdown voltage. 



CHAPTER III 

DEVICE CHARACTERIZATION 

CD Deep Level Transient Spectroscopy 

The properties of deep level impurities and point de

fects are of paramount importance in controlling the per

formance, yield, and reliability of semiconductor devices. 

Among the various techniques that have been developed, deep-

40 level-transient-spectroscopy CDLTSJ introduced by Lang, 

has become a widespread method for studying and character

izing these material defects. This technique is a high 

frequency CMHz) junction capacitance measurement. It is 

able to distinguish between majority and minority carrier 

traps and provides information about the trap concentrations, 

their relative energy levels and their capture rates. It 

is also capable of detecting both radiative and nonradiative 

centers and is spectroscopic in the sense that the signals 

due to different traps are resolved from one another when 

plotted against temperature. 

In order to explain the DLTS principle the capacitance 

effect of a reverse biased diode is first considered. The 

existence of a space charge region at a p-n junction is 

a general characteristic of semiconductors; it is a result 

of the electrostatic potential variation at the junction 

required to counteract the diffusion of carriers across 

66 
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the junction. The width of the space charge region is ob

tained from the solution to Poisson's equation for an abrupt 
8 junction. 

W = / s Di 
/ qN B 

where: V̂ ^̂  is the built-in voltage, V is the applied re

verse bias voltage, e is the permittivity of the 

semiconductor, q is the electronic charge, and N_ 

the doping concentration on the lightly doped side, 

Cp side for this work). 

The depletion layer capacitance behaves like a parallel 

plate capacitor: 

C = -=^ , A is the area of the junction 

Thus, the width of the layer can be changed by varying the 

bias voltage. Also, the large spatially varying electric 

field in the space charge region means that carriers ther

mally emitted from traps in the region are swept out of the 

layer in a very short time (_~10 sec) , thereby allowing 

retrapping effects to be neglected. Trap levels in the 

space charge region may be detected by their effect on the 

junction capacitance. A change in the charge density in 
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the space charge layer induces a corresponding change in 

the width, and hence the capacitance of the layer, thereby 

providing a direct measure of the total charge in the layer. 

Consequently, if the concentration of electrons or holes 

trapped at deep levels is changed, this variation can be 

readily monitored by observing the corresponding change in 

the junction capacitance at constant reverse bias. For a con

stant reverse bias, if the reverse saturation current is 

neglected, electronic transitions within the space charge 

region consist entirely of emission processes and therefore 

the states have no possibility of being filled by capture 

processes. If carriers are somehow introduced into the 

depletion region, emission processes can be observed; this is 

conveniently accomplished by pulsing the junction bias. The 

device structure here is an n -p heterojunction GaAs-AlQ -i^^n 7^^ 

diode, where the depletion region is primarily in the low doped 

p-side, so that trapping effects in the AIQ 3GaQ _As side of 

the junction may be observed. Initially, the junction is 

under reverse bias to establish a large space charge region. 

States in this region are empty because no mobile carriers 

are available for capture. If a bias pulse (majority pulse) 

is applied to the device, such that the reverse bias is 

momentarily reduced towards zero, part of the region which 

was formerly within the space charge region is now in the 

neutral material, so the majority traps in the lower half 
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of the bandgap may capture majority carriers Choles), and 

become filled. Immediately after the pulse, the deep levels 

are again within the space charge layer where the capture 

rate is essentially zero. However, the junction capacitance 

is reduced because compensating majority carrier charge has 

been trapped in the space charge region. On the other hand, 

if a so-called minority carrier pulse is applied to the diode, 

such that it becomes forward biased, injection of minority 

carriers (electrons) into the region occurs, thereby allow

ing minority carrier trap states located in the upper half 

of the bandgap to be probed. It is noted that an injection 

pulse introduces both majority and minority carriers, and the 

resulting population of trapping states involves both carrier 

types. 

The traps which are filled during the pulse will return 

to their initial population if sufficient thermal excitation 

energy is present to stimulate a transition to the nearest 

band. Such processes can be observed as junction capacitance 

transients, as shown in figure 27 and 28. Suppose the capture 

and thermal emission rates for majority carriers (holes on 

the p-side) are c and e respectively, and that c^ and e^ are 

the respective rates for the minority carriers Celectrons on 

the p-side). When the diode is reverse biased and the ob

servable traps are within the depletion region, the capture 

rates are zero and the occupation of the level is determined 
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by the thermal emission rates, e and e . The steady-state 
' p n -̂  

electron occupation of a level is 

N = 
e 
P 

e + e 
P n 

\ 

where, N^ is the concentration of the trap. ' A majority 

carrier Chole in this case) trap is a trap which is filled 

with minority carriers Celectrons), and thus capable of 

having the trapped electron recombine with a hole, i.e. cap

ture a hole. In this case, e = 0 and N = N . A minority 

carrier (electron) trap is a trap which is empty of minority 

carriers and thus capable of capturing them. In this case, 

e = 0 and N = 0. Then, according to the expression for N, 

an electron trap must have e >>e and a hole trap e >>e . 
^ n p ^ p n 

The emission rates are proportional to a Boltzmann factor 

and therefore depend exponentially on the energy difference 

between the trap level and the conduction band Celectron 

emission) and the trap level and the valence band Chole 

emission). Because of this, electron traps tend to be in 

the upper half of the gap and hole traps in the lower half. 

The capacitance transients resulting from a bias pulse, 

illustrated in figure 27 and 28, are exponential with time, 
40 41 with rate constants equal to e and e . ' For a majority 

carrier Chole) trap, e dominates, whereas for a minority 

carrier Celectron) trap, e dominates. The sign of the 
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capacitance transient depends on whether the electron occu

pation of the trap has been increased or decreased by the 

bias pulse. Therefore, the capacitance transient due to 

minority carrier traps is always positive, Cthe trapped 

minority carrier increases the capacitance), whereas the 

transient due to majority carrier trapping is always nega

tive. 

The concentration of a minority carrier trap can be 

obtained from the capacitance change corresponding to fill

ing the trap completely Cwith a high forward injection cur

rent) , or, for a majority carrier trap, reducing the bias 

to zero. The relationship for an electron trap is simply, ' 

2 /AC \ CN -N ) 

where N is the trap concentration, AC is the capacitance 

change at 5 = 0 due to the bias pulse, C is the quiescent 

capacitance of the diode under reverse bias, and (N^~NQ) 

is the net acceptor concentration on the p-side of the 

junction where trapping is to be observed either by vary

ing the steady-state bias voltage or by varying the ampli

tude of the bias pulse. 

The time dependence for the trapped electron concen-

42 
tration NCt) for electron emission is given by 
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t<0 
NCt) 
N ] e 

' ^ L {1 + ^ e x p l - C e +e ) t ] ] t>0 e + e e ^ p n p n n ^ 

v ^ e r e e >>e 
P n 

for a majority carrier pulse at t = 0, 

and 

t<0 
NCt) ^ 
N^ A e 

^ n - e x p I O C e +e ) t ] ] t>0 
e^+e '^ p n 
p n ^ where e >>e 

n p 

for a minority injection pulse at t = 0. 

The trapped hole concentration for hole emission is given 

by [1 - NCt)]. 

The t h e r m a l l y a c t i v a t e d e m i - s i o n r a t e s f o r m a j o r i t y 

(ho l e ) and m i n o r i t y C e l e c t r o n ) c a r r i e r t r a p s a r e g i v e n by 

40 t h e f o l l o w i n g r e l a t i o n s h i p s : 

e = [a <v >N^ / g ] exp I -AE /KT] 
p P P Dp^ ̂ p ^'• p^ 

and e = [a <V >N^ / g JexpI -AE /KT] n n n Dn̂  ̂ n ^ n^ 
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where; a , a^ are the capture cross section for majority 

Chole) and minority Celectron) carriers. 

^V >, ^V >, are the mean velocities for majority and 

minority carriers. 

N^ , ̂ Dn' ̂ ^® ^^® effective density of states in 

the majority and minority carrier band. 

g_/ g / are the degeneracy of the trap level. 

AE = CE^ - E ), E is the energy level of the trap. 

T is the absolute temperature. 

K is Boltzmann's Constant, 

Because the thermal velocity is proportional to the square 

1/2 root of the absolute temperature, T ' , and because the 

effective density of states in the valence or conduction band 

1/2 is proportional to T , the total temperature dependence 

of the hole or electron emission is 

e = BT^expC-"AE„ „/KT) p,n ^ p,n' 

where B is independent of temperature. 

The activation energies, AE and AE , for the trap can be 
-2 

obtained by plotting InCCe + e )T ) as a function of 1/T. 

DLTS provides a method for determing the emission rate 

and other parameters of the traps at a particular temperature 
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The basic idea of the DLTS teclinique is the rate-window con

cept. If a train of repetitive bias pulses is applied to the 

device, then, by measuring the junction capacitance, a series 

of transients may be observed. As the temperature is varied, 

the time constant of the transient varies exponentially with 

1/T, as discussed above. If this transient is sampled at 

preassigned instants, t̂  and t^, and the average difference 

of these samples plotted against temperature, then as the 

temperature of the sample is slowly scanned Cthereby chang

ing the emission rate and therefore the capacitance decay 

rate itself), a series of peaks may be produced. Such a 

plot is called a DLTS spectrum and is illustrated in figure 

29. These peaks correspond to a particular transient which 

has a decay time constant such that the average difference 

of the sampled signals is a maximum at a specific temperature, 

i.e. the transient is observed through the rate window, 

which is (t^-t,)""'". Because the emission is inversely pro

portional to the transient time constant, a sample expression 

may be derived in terms of the rate window. Consider a gen

eral decaying exponential function; 

CCt) = C expC-t/x), T = time constant 

CCt^) - C(t2) = C^CexpC-t^/i) - expC-t2/T)) 
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For maximum. 

max max 

hence, T = Ct, - t^) = Cemission rate of trap)" 
max 

lHTt]7tJ) 

This equation is a very good approximation for the case of 

relatively wide sampling gates, provided t. and t^ are taken 
A ^ >1 O A ^ 

as the midpoint of each sampling gate. ' ' Wider gates 
43 help to improve the signal-to-noise ratio during sampling. 

If several temperature scans for majority and minority carrier 

pulses are performed, with different rate windows Ct^/t2) 

constant for convenience), a set of peaks associated with 

each particular trap at specific temperatures will be ob

served. By measuring the temperature at which these peaks 

occur and evaluating the associated max, a plot of 
2 

-InCimax T ) y£. 1/T can be obtained for each trap, thereby 

determining the activation energy of the trap. There are 

a number of ways in which the DLTS rate-window concept may 

be achieved in practice. The following Section describes 

such a system. 
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C2) DLTS System Design 

Fast capacitance bridges operating at 20 MHz, together 

with a double boxcar signal averager and a cryogenic system, 

have been used to realize a DLTS system. However, the 

initial cost of establishing such a system is significant 

and an alternative was sought using less elaborate instru

ments. 

The main elements of the DLTS system used in this work 

are shown in figure 30. This system is a combination of the 

elements needed for isothermal transient measurements, Ci.e. 

pulse bias supply and capacitance meter), the elements re

quired for the thermal scanning technique, Ci.e. temperature 

scan control and x-y recorder), and a laboratory built DLTS 

rate window control unit. A commercially available 1 MHz 

Boonton 72B-03 capacitance meter provides a relatively 

straightforward method for making capacitance measurements. 

The analog output of the meter has a response time of 1 msec, 

which gives rise to a relatively long pulse overload recovery 

transient and makes it impossible to measure transients 

faster than 1 msec. However, this is not considered to be 

a problem because it is the deeper traps with longer time 

constants that are of interest in this work; also, because 

the time constant of the transient is a function of tempera

ture, it may be made sufficiently long to observe at low tem

peratures. A DC bias input is applied from a Hewlett Packard 
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6112A precision power supply directly to the bias terminals 

of the capacitance meter. This input reaches the sample 

through a filtered DC network which has a long time constant, 

thereby preventing a fast bias pulse from being applied at 

these terminals. However, the pulse transformer circuit shown 

in figure 30 can be used to couple in a bias pulse. The 

effective load for the systron Donner lOlD pulse generator 

is matched at 50 Q, When no pulse is applied, the test diode 

is reverse biased at the DC supply voltage and in its quie

scent state. On applying either a majority pulse Cmagnitude 

slightly less than the DC bias), or a minority injection 

pulse Cmagnitude greater than the DC bias), the voltage 

appears directly across the 100 Q resistor, thereby forcing 

the voltage across the diode to be momentarily reduced. Pulse 

transformers have a limited bandwidth which makes it impossi

ble for a single transformer to span the entire time range 

that may be necessary; the circuit is therefore designed so 

that several transformers, with different bandwidths, may 

be inserted into the circuit. 

The DLTS rate window unit is designed to sample the 

transient capacitance at two delayed times, t^ and t^, 

average each signal over the sampling gate width, and then 

take the difference of the two values to produce a DLTS 

signal, CCCt^)-CCt2))• Two Evans 4145-1 programmable time 

delay printed circuit board modules, triggered by a TTL 
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pulse from the pulse generator, are used to provide the 

timing delay necessary for the rate window. The delay period 

for each module is controlled externally via negative true 

logic input lines from a standard four decade BCD thumbwheel 

switchbank. The range of this delay is from 0 to 9999 psec, 

with minimum delay increments of 1 ysec. Should a longer de

lay be necessary for t^, a separate supplementary module, 

4146, can be used to extend the range of the 4145 to 100 

seconds, with the same resolution. The signal-to-noise ratio 

is improved by having relatively wide sampling gates, pro

viding that t, and t^ are taken at the midpoint of the pulse: 

then 

T max = 
Ct^ - t^) 

TBTt^TtJ) ' 

is a valid statement for the time constant associated with 

a peak DLTS signal. 

The delay (DEL) output pulse width of the module is 

limited to a maximum of 1 jjsec. To overcome this problem, 

a Schmitt triggered input monostable CSN74121N) is used to 

widen the pulse. This monostable can produce a pulse of 

40 nsec through to 28 seconds by choosing an external re

sistor CRm) arid capacitor CCm) according to the following 

equation: 
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t^Cout) = C^R^ lnC2J. 

R^ is chosen to be the internal 2 K!;̂  resistor in series 

with an external 25 K^ trimpot. Depending on the desired 

pulse width range, C is chosen according to: 

Ci) C^ = 100 pF 1.5 psec to 20 ysec 

Cii) C^ = 0.01 ]iF 15 psec to 200 ysec 

Ciii) C^ = 0.1 yF 150 ysec to 2 msec 

Two Evans 4130 gated integrator printed circuit board 

modules are used in a boxcar integrator configuration. 

These units are fast, low-leakage integrators, which have an 

input isolating gate which can be opened under external con

trol by the time delay modules. The signal input is applied 

through a fast unity gain buffer amplifier and the output 

is given by the following expression: 

t. 

c - :^B 
out - R^Ct^-t^) 

CCtl . dt 
^ in 

t a 
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OC out 

A suitable gain for the average sampled value can be obtained, 

with the appropriate choice for R^ and R^; in this work, a 

gain of unity was chosen. This involved connecting the out

put directly to the Dl input with the input signal applied 

to the DC signal input. Although the outputs, C (t,) and 

CCt2)/ from these units are held constant while the gate is 

closed, they must be updated for each new transient at 

slightly different times, t^ and t^ in orderto avoid sub

traction errors by subtracting the wrong pair of outputs. 

Two National Semiconductor sample-and-hold integrated cir

cuits CLF298) , were used as shown in figure 30; these were 

triggered simultaneously, approximately 1 msec after the 

second gated integrator has finished averaging, ensuring that 

both integrator units have their new updated outputs values. 

The 1 msec delay is obtained by using an SN74121N monostable, 

which is triggered on the positive going edge of the t2 

pulse. A second monostable is also used to provide a suitable 
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sampling pulse width trigger (typically 0.5 msec) to the 

sample-and-hold integrated circuits. A significant source 

of error in an accurate sample-and-hold circuit is dielectric 

absorption in the hold capacitor. To minimize this effect, 

a 0.01 yF polypropylene capacitor, having a very low hyster-

sis, is used. Finally, the averaged outputs CCt^) and C(tp), 

from these two sample-and-hold circuits were subtracted us

ing a TL061CP operational amplifier. The values of the re

sistors in the subtracter are within 0.2% of each other, to 

assure a unity gain subtraction of the two signals. The 

output DLTS signal CC Ct^)-C Ct2) ) is then fed into the high 

Y terminal of the X-Y plotter; the low Y terminal is grounded. 

A timing diagram of the relevent signals and pulses is shown 

in figure 31. 

Elaborate temperature control for the cooling and heat

ing rate of the test device is not essential for DLTS measure

ments. However, the absolute temperature of the device at 

any particular time is an important measurement which should 

be accurate to within 1 to 2 K. A silicon diode temperature 

sensor, DT-500KL-T05, purchased from Lake Shore Cryotronics 

Inc., is used as an accurate and sensitive temperature indi

cator. This device is set into the top of a copper alloy 

hex head cap screw, with both leads isolated. A constant 

10 JJA current is passed through the diode, and the voltage 

developed across the terminals is monitored. The corres-
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ponding temperature is determined from tabulated calibration 

data supplied by the vendor. A resolution of at least 0.04''K 

is possible with this device. However, the static impedance 

of the silicon diode is 210 K^ at liquid helium temperature; 

to measure accurately the forward voltage to 100 yV or better, 

the input impedance of the measuring instrument must be high 

C5xl0 i;̂) . The Hewlett Packard 7045A X-Y plotter has a 1 

Mfi input impedance, which is too low for an accurate voltage 

measurement. To overcome this problem, two National Semi

conductor voltage follower integrated circuits CLM210) were 

used as buffer stages. Their input resistance is typically 

12 10 ^, with an output resistance of 0.76 !̂  and a tested 

accuracy of better than 0.1 mV, making them ideal unity gain 

buffer amplifiers. Figure 32 illustrates the temperature 

control system. The test device and silicon diode tempera

ture sensor are both tightly bolted adjacent to each other 

on a small copper plate; thermal masses are kept as small as 

possible for sensitivity. The copper plate is suspended 

at the bottom of a stainless steel vacuum flask by two teflon 

rods which provide thermal isolation. A brass plate with an 

inset rubber gasket provide a cover plate through which helium 

gas may flow or a vacuum be established. Electrical con

nections to the diode temperatxire sensor and the test de

vice are made through ultraminature coaxial cable, type C, 

purchased from Lake Shore Cryotronics. This cable has a 
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low capacitance, 32 pF/ft, and has a useful temperature 

range from -273 °C to 127 °C. Four coaxial cables, one for 

each lead, are made into two twisted pairs and brought into 

the system through sealed feedthroughs to the test device and 

the temperature sensor. The shields for each pair are con

nected together at the device end but grounded at only one 

of the external ends. This helps to reduce cable capacitance 

when performing capacitance measurements on the test devices. 

To help minimize any thermal conduction along these cables, 

the twisted pairs are wrapped around the copper plate several 

times before being soldered to the device terminals. The 

diode temperature sensor has a fine gold wire bonded to one 

of the terminals; indium is used as a low temperature (150 

"O solder to avoid excessive heating during soldering. 

Cooling is achieved by immersing the vacuum flask, purged 

with helium, into a dewar containing liquid nitrogen. The 

cooling rate of the sample can be controlled to a certain 

by reducing the internal pressure in the vacuum flask. As 

the internal pressure is lowered the rate of cooling is also 

reduced. By leaking helium gas into the system, thereby 

increasing the pressure, the cooling rate can be increased. 

Similarily, to heat up the sample from liquid nitrogen 

temperature, the vacuum flask is removed from the dewar and 

allowed to warm up towards room temperature. A useful 

temperature range for this work, is between approximately 
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100 K and 350 K. The vacuum flask is simply placed in boil

ing water to obtain the higher temperatures. The minimum 

time for a temperature scan, obtained with helium at atmos

pheric pressure inside the flask, is approximately 90 

minutes. The maximum, with a vacuum being constantly 

pulled on the system, is approximately 400 minutes, al

though this can be extended by moving the flask into and 

out of the liquid nitrogen whilst cooling or heating. 

To ensure that the measured temperature is the tem

perature of the test device, a second, uncalibrated, silicon 

diode temperature sensor was used. The standard diode was 

placed in the test device location while the uncalibrated 

diode was placed in the correct temperature sensor location. 

Several slow temperature scans were made, both cooling 

down and heating up, and the corresponding voltages across 

the sensors were simultaneously recorded. The data were 

averaged and a table of voltage v£. temperature was ob

tained for the previously uncalibrated diode. This diode 

now became the sensor used in all subsequent temperature 

measurements. 

A sensitive, simple, and inexpensive temperature con

trol system was developed, so that not only could DLTS 

experiments be performed on the test devices, but also 

device characteristic measurements could be performed at 

various temperatures within the range 100 K through 350 K. 
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(3) DLTS Evaluation and Results 

A photograph of the complete DLTS system is shown in 

figure 33. Preliminary tests were performed on the system 

to evaluate its performance. DC signals were applied to 

the input of the gated integrators and the differences 

were observed at the DLTS output terminal. A maximum error 

of 0.1% was recorded, which was considered good. After the 

DC voltage input performance was tested, a time-varying signal 

was introduced. A wavetek Model 164 signal generator was 

used to provide a single triangular pulse. To synchronize 

this signal with the sampling pulses, the 164 signal gener

ator was triggered by the sync pulse from the 10ID pulse 

generator. A repetition rate of 20 msec was chosen as a 

suitable period between trigger pulses, although this is by 

no means critical. Typical signals and sampling pulses are 

illustrated in figure 34. For the first set of tests, the 

programmable time delay units were both set for t^ = t2, the 

period of the triangle waveform set equal to 8 msec, and the 

sampling gate width, W, equal to 100 ysec. Time delays from 

1 ysec to 9.999 msec were introduced. The DLTS output signal 

was always within 2 mV of zero. Next, the time delay, t^, 

was held constant at 1 msec and t2 w-as varied, while observ

ing the output difference signal. The output values were 

good, all within 5 mV of the expected value. Finally, the 

period, T, of the triangular wave was varied, for fixed 
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Figure 33. Photograph of the DLTS System. 
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sample gates t^ = 1 msec and t2 = 5 msec, and the output 

observed. Again, the circuit functioned satisfactorily 

and it was concluded that the averaging and sampling 

portion of the DLTS system was performing within the ex

pected design constraints. 

Five devices were selected for characterization. De

vices 1 and 2 had junction areas of approximately 0.04 cm 

and were good devices with low leakage currents, sharp 

turn-on, and low ohmic contact resistances. Device 3 had 

2 

an approximate area of 0.02 cm and also had good I-V char

acteristics. Device 4 was leaky, but had a sharp forward 

turn-on and low ohmic contact resistance; its area was also 
2 

approximately 0.04 cm . Finally, device 5 had a large ohmic 

contact resistance but a low leakage current, and an area 

of 0.04 cm . These five devices were representative of 

the general behavior of all the experimental devices. 

Device 1 was bolted to the copper plate in the tempera

ture control system and the terminals were soldered with 

indium to the twisted coaxial cable as shown in figure 32. 

When the device junction capacitance, under reverse bias, 

was measured at the capacitance meter terminals, a signifi

cantly different value was obtained than when it was measured 

in place in the DLTS system Cas shown in figure 30). The 

difference was found to be related to the relatively large 

diode junction capacitance. The Boonton capacitor meter 
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sees the series combination of the test diode and the ef

fective resistance C50 Q\ associated with the pulse trans

former circuit. According to the vendor of the capacitance 

meter, if the total series resistance across the terminals 

is not less than around 1/10 the reactance at 1 iMHz of the 

capacitance being measured, it will not be ignored by the 

phase detector in the capacitance meter and the reading will 

be inaccurate. Device 1 had a zero bias junction capaci

tance of 3135 pF, resulting in a 1 MHz reactance of 50 Q. 

An effective series resistance less than 5 Ĵ  is then re

quired for an accurate capacitance measurement. The series 

resistor in the pulse transformer circuit cannot easily 

be reduced without introducing significant loading of the 

lOlD pulse generator. A 50 Ĵ  load impedance is desirable 

for the pulse transformer for a matched output pulse. If 

the values of the resistors in the pulse transformer network 

are reduced to give an effective 5 Q, series resistance, it 

becomes impossible to generate a pulse with a magnitude 

greater than 2 volts. Not only is this impractical and 

undesirable, but the mismatch results in a poor pulse wave

form. The alternative to a reduced resistance is to in

crease the 1 MHz reactance of the device tenfold, to 500 ^, 

This can be achieved by making the device area at least ten 

times smaller CO. 5 mm square). However, the device would 

become very difficult to handle and mount without wire bond-
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ing, which is undesirable because of the damage to the 

AlGaAs layer which occurs during bonding. In any case, 

this pulse bias circuit technique is suitable only for 

small devices Ctens of pF's), and a different pulsing 

technique was required. 

A bias pulse was introduced at the bias terminals 

on the back of the capacitance meter after the 0.15 yF 

capacitor CC102) in the low line in the meter was replaced 

with a 50 ^ impedance matching resistor. The pulse was 

applied to the low input terminal, and the high input 

terminal was tied to the pulse generator ground through 

the shield of the coaxial cable from the lOlD pulse gen

erator. The pulse generator can be set so that both the 

upper and lower levels of the pulse are independently con

trolled within a jf20 volt window. This direct connection 

not only allowed pulses to be applied to the capacitance 

test terminals, but it also eliminated the need for the 

DC power supply. The lower level of the pulse waveform 

was set at the desired reverse bias, and the upper level 

was set slightly less than zero bias for a majority carrier 

pulse, and positive for a minority injection pulse. The 

circuit layout is shown in figure 35. Pulse widths between 

1 ysec and 500 ysec were observed at the pulse generator, 

the test terminals of the capacitance meter, and across the 

device. Some ringing occurred on the pulse at the terminals 
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and across the device when the capacitance meter was off. 

The capacitance meter supplies 100 mV , 1 MHz test signal; 

when the meter was turned on, the ringing was lost in the 

signal. Some drooping and slight overshoot in the bias pulse 

occurred when pulses longer than 500 ysec were applied, and 

a satisfactory bias pulse could not be obtained. It was 

observed that, although 100 ysec bias pulses were success

fully applied to the test device, the absolute reading on 

the capacitance meter for the junction capacitance did not 

agree with the capacitance measured directly at the meter 

test terminals before the low line capacitor was removed. 

However, DLTS involves a difference measurement, and if 

similar errors are introduced in the sampled capacitance 

values during the transient decay, the error in the differ

ence will be small. 

Another method which was used to introduce the bias 

pulse was to connect the pulse generator directly across 

the input bias terminals of the capacitance meter, after 

the 50 ^ resistor in the low line had been replaced with the 

original capacitor CC102) . The only problem with this con

figuration is that pulse widths less than approximately 50 

ysec become distorted into triangular shape, whether or not 

a 50 f̂  shunt resistor was placed across the bias terminals. 

However, capacitance readings, consistent with earlier values. 
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were obtained, and a good bias pulse was observed at the 

device terminals when the bias pulse was 100 ysec or longer. 

Both methods for introducing the pulse were used after 

the sample temperature was reduced. A majority carrier 

pulse excursion from -4 volts to -0.2 volts was used; a 

minority carrier pulse from -4 volts to 1 volt was used, 

and the pulse repetition rate for both was 50 pps. The ana

log output of the capacitance meter was monitored with a 

Tektronix 7633 oscilloscope; figure 36 illustrates a typical 

response at 140 K. The initial peak is the result of the 

application of the bias pulse itself; the meter does not 

recover for approximately 1 msec, its response time. No 

trapping transients were observed for either type of pulse, 

at a sensitivity of 1 pF, even when the temperature was as 

low as 105 K. 

A DLTS scan, using the technique illustrated in figure 

35, was obtained for each sample device, betwyen 105 K and 

350 K CC102 was in its normal location in the low line). 

The pulse width was 100 ysec, the pulse repetition rate was 

50 pps, and the sampling period of the gated integrators 

Cfigure 31) was 100 ysec. The programmed time delays Ct^^ 

and t,^ in figure 31) were 2 msec and 7 msec, respectively. 
d2 

The resulting DLTS spectra exhibited no peaks or sudden 

changes which would indicate the presence of traps, at a 

capacitance resolution of 1 pF. Various other time delay 
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Figure 36 Photograph of the Capacitance Signal 
of a Majority Pulsed Device (2) at 
140 K. 
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periods were used but the results were the same. For an 

17 ~3 accep-or doping concentration of 2x10 cm , a quiescent 

capacitance of approximately 2000 pF, and assuming an easily 

detectable capacitance change, AC = 4 pF, for the scan, the 

results indicate that, if traps exist, their concentration 

14 -3 cannot exceed 8x10 cm in the AlGaAs layer. 

C4) Thermally Stimulated Capacitance CTSCAP) 

To confirm the transient capacitance and DLTS results, 

thermally stimulated capacitance measurements were per-

45 46 

formed. ' This technique involves monitoring the junc

tion capacitance of the reverse biased diode as the tempera

ture is raised from a low temperature to a high temperature. 

The junction capacitance v£. temperature is measured for two 

initial conditions: Ci) filled traps and Cii) empty traps. 

The traps are filled with majority carriers Choles in this 

case) at the low temperatu-e by zero biasing the junction. 

The thermal emission rate, e , is ass-umed to be zero at the 

low temperature. A reverse bias, -V^, is then applied and 

the junction is warmed up while the depletion layer capaci

tance is continuously recorded. At some temperature above 

the lowest, the thermal emission rate, e , is no longer 

negligible. At this time, holes are thermally released to 

the valence band, because e >>e , and are swept out of the 
ir '•^ 

depletion region by the high applied electric field. Any 

holes trapped in the upper half of the bandgap are not 
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released since e <<e at these levels. The thermal release 
ir ^ 

of trapped holes reflects a change in the space charge dens

ity in the junction transition region and hence there is an 

increase in the measured junction capacitance. This pro

cess continues until all the traps in the depletion region 

that were filled at the low temperature are emptied. To 

obtain the initially empty condition, the reverse bias is 

applied at room temperature so that all the trapping centers 

in the lower half are emptied of holes, because e >>e . 
p n 

The temperature of the junction is then reduced to some low 

temperature with the reverse bias applied. The capacitance 

vs. temperature is then recorded as the temperature is in

creased. 

A similar scan may be made for minority carrier traps. 

To fill these, the temperature is lowered, and the junc

tion is forward biased to inject minority carriers. In 

this case, traps in the upper half of the bandgap are filled 

with electrons. The junction is then reversed biased, and 

the temperature is raised; the resulting junction capaci

tance is recorded. Once again, there is some elevated tem

perature at which the thermal emission rate, e^, for a par

ticular electron trap level, is no longer negligible and 

electrons are released to the conduction band. This process 

continues until all the traps in the depletion region that 

were filled at low temperature are emptied. The capacitance 

is decreased as minority carrier traps empty. 
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The resulting curves of capacitance vs. temperature, 

should have steps at the temperatures at which emission of 

carriers from the traps occurs. The position of the step, 

together with the scanning rate, provide information about 

the activation energy, while the magnitude allows a deter

mination of the concentration, N„. 
' T 

The capacitance of the devices was measured with the 

Boonton 72B-03 1 MHz capacitance meter and the analog out

put recorded on the X-Y recorder. DC reverse bias was 

applied to the device through the normal bias terminals 

on the back of the meter. The traps were filled at 100 

K by setting the bias at zero Cfor majority traps) or for

ward biasing at 1 volt Cminority injection) for a few min

utes. A reverse bias of -4 volts was then applied and the 

device was heated to 300 K. The dependence of the capaci

tance on temperature for a fixed reverse bias requires that 

a suitable capacitance scale be chosen so that the capaci

tance reading remains on scale during the temperature scan. 

The 300 pF scale was therefore used during the measurement; 

the sensitivity of this scale was 2 pF. The results were 

consistent with the previous transient capacitance measure

ments in that no capacitance steps were recorded for the 

thermal scans for any device, for both majority and minority 

traps. An indication of the total trap concentration within 

the depletion region can be obtained by measuring the dif-
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ference in absolute capacitance at a low temperature ClOO K)_ 

for empty traps and for filled traps. This was easily per

formed by cooling the device with a -4 volt reverse bias 

applied Cempty traps) to 100 K. The capacitance was re

corded and the bias reduced to zero, thereby filling the 

majority traps; the -4 volt reverse bias was then reapplied. 

Any difference in the measured capacitance is directly re

lated to the total trap population. However, for all the 

devices tested, no change was observed for a 1 pF resolu

tion. The results of all these capacitance measurements 

support the previous conclusion that, if traps exist in the 

14 -3 AlGaAs layer, their density is less than around 8x10 cm 

C5) Current and Voltage Characteristics 

A detailed study of the forward current and voltage 

dependances of the heterojunction not only provides infor

mation about the electrical behavior of the device but may 

also suggest carrier recombination mechanisms existing in 

the space charge region. 

The measurement consisted of applying specific forward 

DC voltages, from an HP 6112A precision power supply, to the 

device and measuring the resulting current flow. The for

ward voltage across the diode was monitored on a Keithley 

168 digital voltmeter and the resulting current measured on 

a Keithley 177 digital multimeter (1 nA resolution) . For a 
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complete characterization of each device, the I-V data were 

obtained at six different temperatures; 350 K, 296 K, 250 K, 

200 K, 150 K, and 105 K. The temperature control system 

developed for the capacitance spectroscopy measurements 

provided an excellent method of varying the temperature 

whilst permitting measurement of the terminal voltage and 

current. For each set of measurements the temperature was 

held constant within 0.5 K. This was achieved by maintain

ing a vacuum inside the temperature chamber Cvacuum flask) 

and by placing the flask into a liquid nitrogen bath and 

removing it when required, for temperature regulation. 

47 The ideal current-voltage characteristics are; 

qV 
I^ = I cIexpC,=F7F̂ ) -1] gi^^t^Vj^ 

qD P qD n 

p n 

However, the derivation of this ideal diode equation assumes 

a low injection level relative to the background carrier 

concentration, a field-free region beyond the space charge 

region, and no carrier generation or recombination proces

ses within the space charge region. In general, fabricated 

p-n junctions, particularly in GaAs, do not conform with 

this equation and modifications must be made. In order to 
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include the effects of typical non-ideal diodes, and empirical 

factor, n, is normally introduced into the equation to ac

count for recombination in the space charge region. 

qV 

For n = 1, diffusion currents tend to dominate, as in the 

ideal case. 

For n = 2, recombination currents in the space charge 

region dominate. 

By plotting the curve of In CI) y£. V, information about n, 

I^, the series resistance R , and the shunt resistance s s 

^sh' ^^^ ^® obtained. A typical set of In CD v£. V curves, 

for devices 1, 2, and 3, is shown in figure 37. Device 4 

is leaky at low bias, as shown in figure 38, and device 5, 

in figure 39, demonstrates the effect of a relatively large 

series resistance. By modeling the device as shown, the 



91 

a 

e 
<o 
i. 
3 

10' • ' I 

10-^ J 

10-^ i 

10 r*^ 

10 

10 
- ; 

-7 
10 

10 
ri 

107 

Dev ice 2 

0.5 1.0 2.0 
Voltage 

\foibs 

F i g u r e 37 . T y p i c a l In CD v s . V Curves fo r a good 
Device ( 2 ) . 

file:///foibs


108 

10 -* • 

a 
I 
c 
9 
U 
3 

10 

10 

10 
rS 

10 -4 

10 
-7 

10 
rS 

Figure 38. Typical In (I) y^. V Curves for a Leaky 
Device (4). 



10 

109 

10 •2 

10 
-3 

10 -^ , 

CQ 

a 

s 
u 
u 
3 

10 

10 -4 

10 . 

io-« I 

0 . 5 1.0 1 .5 

Velts 

2 .0 Vol tage 

Figure 39. Typical In(I) y£. V Curves for a Resistive 
Device (5). 



110 

lumped parameters may be determined according to the follow

ing: 

Ci) At low temperatures and low bias voltages, the 

effect of the diode current is small, I^<<l,, R ^>>R , and 
D 1' sh s' 

thus Rgĵ  = V/I, can be calculated. 

Cii) At high temperatures and moderate voltages, both 

^sh ^^^ ^s ^^^ negligible compared to the exponential term 

and the current developed is dependent on the transport 

mechanism at the junction. If the resulting straight line 

in this region has a slope m, then n = q/CmKT) , may be de

termined. 

Ciii) At high temperatures and high voltages, the series 

resistance begins to play a dominant role in limiting cur

rent flow. By measuring the voltage difference, AV, between 

the extrapolated straight line and the actual curve at the 

specific current, I , R = :=— may be calculated. 
a s '1 a 

Civ) The value of I , the reverse saturation current, 

can be calculated from the diode equation by direct substi

tution, or by extrapolating the straight line back to the 

V = 0 intercept. 

The empirical value, ri_/ is tabulated for different 

temperatures in figure 40, and is seen to be approximately 

equal to two for temperatures above 250 K. This indicates 

that the forward current is dominated by recombination in 

the space charge region above this temperature. This is 
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quite possible, as the capacitance spectroscopy experiments 

only concluded that there were no traps observable with con-

14 -3 centrations greater than 8x10 cm and does not rule out 

their presence altogether. At lower temperatures, it is 

observed that ri increases and becomes greater than two for 

all the devices. This cannot be explained solely as a nor

mal recombination effect at the interface and sc3me other 

transport mechanism must be occurring. The probable reason 

for n_ = ^KT^ becoming larger is that the slope (m) of the 

In CD vs. V curve does not change significantly with tem

perature, as would be expected for normal recombination 

currents. This weak temperature dependence of the slope 

suggests the possibility of tunneling, which has been ob-

48 49 served at other heterojunctions. ' The current-voltage 

19 29 
characteristics for tunneling takes the form ' 

1 = 1 exp CAV) . 
o 

Where A is weakly temperature dependent, and I^ depends in 

an ill-defined way on the temperature, the defect density, 

the width of the space charge region, and the bandgap of the 

material. The values of the slopes for all the curves are 

tabulated in figure 41. The fact that most of the calculated 

slopes appear to be at most, weakly dependent on temperature 

suggests that the tunneling mechanism is quite possible. The 
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band diagram that was developed for the device in figure 5 

19 

was based on the Anderson model, first proposed to des

cribe abrupt heterojunctions. At the present time, it is 

not clear whether this model, with an abrupt discontinuity 

in the conduction band, accurately represents an actual hetero-

17 junction. It has been suggested that the Anderson model 

is useful in describing important features of the hetero

junction, but is incomplete. In order to explain quanti

tatively the observed results, figure 42 shows five major 

transport processes tfiat are possible. Figure 42a, repre

sents the ideal diode n ;;̂  1, where the current transport 

is a consequence of thermionic emission Cor diffusion cur

rents) . In heterojunctions the diffusion current is domi

nated by the injection from the wider energy gap semicon

ductor into the narrower energy gap semiconductor; in this 

case, hole current from the AlGaAs dominates. Figure 42b 

represents recombination at the interface via recombination 

centers where the forward electrical characteristics are pro

portional to exp C3^) . In figure 42c, a thermionic recom

bination current Choles) flows in the AlGaAs, while a tun

neling current flows through the GaAs barrier via an inter

face state. The two currents flow in series and are related 

by the interface parameters. The total current may there

fore be limited by either current and may exhibit either 

thermionic or tunneling characteristics. In figure 42d, 
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a complemented model of 42c is shown where tunneling occurs 

from the AlGaAs side. Finally, in figure 42e, tunneling 

currents are shown to be dĉ minant across the entire junction 

Of the five possibilities, it is likely that the transport 

mechanism indicated in figure 42c is the most appropriate 

one for n GaAs - p AIQ 3GaQ -As, although a complete pic

ture may well involve a combination of 42a, b and c. Tunnel

ing is more likely to occrur from the GaAs side, as not only 

is the density of carriers higher on this side, but also the 

electrons normally must overcome a larger potential barrier. 

The experimental current-voltage data definitely sug

gests that both recombination and tunneling occur at the in

terface, which requires the presence of some interface 

states. Therefore, a modification of the conclusion drawn 

from the capacitance spectroscopy results is necessary and 

may be stated as follows. 

The results from tests performed on LPE grown n GaAs -

pAl-j -̂ Gâ  -As heterojunction diodes indicate that, recombi-

nation centers do exist at the interface, but that their 

14 -3 density is less than 8x10 cm 

Further studies on more lightly doped p type AlGaAs 

would allow lower trap densities to be observed. However, 

the results do place an upper limit on these trapping cen

ters. 
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The calculated values of the series and shunt resistances 

and the saturation currents for the devices are tabulated 

in figure 43. The series resistance values are imich higher 

than predicted by bulk resistivity and geĉ metry, and are 

probably related to contact information. This resistance 

may be reduced by using gold-geinnanium, rather than palladium, 

31 for the AlGaAs. All shunt resistances were approximately 

7 

10 ^, except for device 4, which was leaky and had a non

linear I-V relation at low bias and low temperatures making 

it difficult to estimate R-t.* The effect of the series 

resistance at high current densities influences the cur

rent-voltage relationship and is the likely reason why dif

fusion currents, which normally dominate at higher bias 

voltages, do not show up. 

A composite mathematical relation describing the I-V 

characteristics of these devices may be expressed as fol

lows: 

I = I Cexp(-^) - 1) + I exp CAV) + 1% ^ ^ 
ŝ -̂ '̂ ^̂ TlKT' '̂ o -"̂ -̂ ' - s Rgĵ  

where, 

1. ^ 2 

Vi = V-IR3 

A :̂̂  20 

B. y 50. 
S '\j 
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C6) Capacitance - Voltage Behavior 

To complete the characterization of the devices, capa

citance vs. reverse bias voltage at different temperatures 

was measured. The depletion capacitance of each device was 

measured on the Boonton 72B-03 capacitance meter, with the 

DC voltage supplied through the normal bias terminals of the 

meter from an HP 6112A precision DC power supply. During 

preliminary tests, it was found that the series inductance 

of the coaxial cable caused the capacitance meter to mea

sure an incorrect value. This was evidently the result of 

the high capacitance of the junction. A series resonant cir

cuit, which included the effective series inductance, was 

designed to resonate at 1 MHz to cancel the effect of the 

series inductance. Unfortunately, a DC bias could not be 

applied to the device because of the large series capacitor 

required in the resonant circuit. The resonant circuit was 

abandoned and the junction capacitance was calculated from 

the measured capacitance by modeling the cable with the 

simple lumped parameter model shown below. 
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where: Ĉ . is the true value of the depletion capacitance 

L is the lumped series inductance. 

C is the open circuit capacitance of the cable. 
ir 

C was measured to be 3.75 pF, with one end only of the 
ir 

cable shield grounded at the capacitance meter. The value 

of L was determined experimentally to be approximately 

)f the cable, measuring the capacitance, and using the 

0.96 yH, by connecting several known capacitors to the end 

oi 

lumped model. The capaci tance meter measures the reactance 

a t the t e r m i n a l s . 

C = C + ^ 
"̂  P I V L Ĉ  

s J 

o r C , = ^^ 
^ 1 + W^L^CC^ - C^) s m p 

with L =0.96 yH, C = 3.75 pF and W = 2Tr x 10 radians 

sec"'''. The true capacitance can be thereby calculated from 

the measured value. This equation was validated by substi

tuting several different known capacitors for C^; in all 

cases the error was less than 0.25%. 

The measured values of depletion capacitance and vol

tage were recorded for all the devices at six different 

temperatures, 350 K, 296 K, 250 K, 200 K, 150 K, and 105 K. 
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The true values were then calculated and recorded. The ideal 

capacitance-voltage relationship for a heterojunction is"̂ ^ 

C(V) = A ^VD^1^2 
-11/2 

2t A + ^2ND^ ^\i -^^ 

Ideally, the heterojunction diodes should follow a linear 
2 

1/C v£. V relationship with an intercept of V, . and a slope 

proportional to the doping concentrations. Figure 44 shows 
2 

a typical set of 1/C vs. V curves. The fit to a straight 

line was good, indicating that the interface is more abrupt 

than not. Because the experimental devices are essentially 

one-sided, the slope of the curve provides a good indication 

of the doping concentration on the lightly doped p side. 

The resulting values for V, . and N are tabulated in figure 
^ Dl a 

45. The values are all consistent, indicating an acceptor 
17 -3 concentration of around 2x10 cm in the P AIQ ^GaQ ,̂ AS 

2 

material. The intercept at 1/C = 0 normally indicates the 

value of the built in potential (V, j_) which, according to 

the Anderson model, should be around 1.4 volts for the ex

perimental devices. As shown in figure 45, the values ob

tained for all the samples were consistently larger. When 

various series and shunt resistances were introduced dur

ing measurements of fixed capacitors in the range of values 

obtained for the experimental devices, no significant differ' 

ence in measured values could be observed with and without 
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the resistances. It was concluded that the capacitance-vol

tage measurements were valid. However, the series resis

tance of device 5 is so high, that the reactance of the 

depletion capacitance is less than the series resistance, 

and the calculated values may be incorrect in this case. 

It is not known at this time why the measured values of 

Vt,. are so high. However, the theoretical value of V, . 
bl ^ ' bl 

is based on the Anderson model and it depends on the values 

of the electron affinities of GaAs and Al^ oGa^ -TAS CV, . "^ 
0.3 0.7 ' bl 'v̂  

GaAs - AlGaAs). The value of AlGaAs is uncertain, so that 

the predicted value of V, . may not be correct. However, 

even if AlGaAs is in error by 50%, the high value of V. . 

is still not reasonable. 



CHAPTER IV 

CONCLUSIONS 

Many of the traps identified in the majority of the 

previous work performed on either solar cells or DH Lasers 

having similar structures to the devices examined here, 

were introduced by radiation damage, either as part of the 

fabrication process, or during simulation of a space environ

ment, or during accelerated aging. ' ' ' In this work, 

the devices were examined as grown; it is likely that, not 

only may a lower density of traps exist at the interface, 

but also many trapping levels may be absent entirely. Fur

thermore, the undoped polycrystalline GaAs used here for 

the melt source material had a low background concentration 

15 -3 C<10 cm ) which minimized the possibility of introducing 

contaminants as deep traps into the grown material. The 

capacitance spectroscopy results obtained in this work are 

in agreement with other measurements in which very low 

interface state densities were observed. However, although 

the capacitance data indicate low concentrations of inter

face traps, the current-voltage measurements suggest that 

they are important even at low densities, through the 

possibility of tunneling. In this case, even an as-grown 

interface may change its characteristics with time, affect-

125 
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ing the long term behavior of optoelectronic devices depend

ing on heterojunction properties. 

Certain other measurements may be performed to confirm 

this hypothesis. These are suggested below: 

Ci) The measurements should be extended to lower tem

peratures. 

C.ii) The AlGaAs doping concentration should be reduced 

in order to observe a lower trap density (N_ = 

AC 
2 —^ ^̂ a"*̂  * ^^^ example, if the doping density is 

16 —3 
reduced to 1x10 cm , an order of magnitude lower 

trap density can be observed. 

Ciii) The composition of the Al Ga,_ As layer should be 

varied, and devices characterized, 

(.iv) The area of the devices should be made smaller 

to reduce depletion capacitance and increase the 

junction reactance. The effect of theirmal com

pression bonding should be examined. 

Cv) Identical structures grown by molecular beam epitaxy 

CMBE), vapor phase epitaxy (VPE), and liquid phase 

epitaxy CLPE) should be compared. 

In summary, the results of the research performed on LPE 

as-grown n"'"GaAs-pAlQ 3GaQ ^As heterojunction diodes indicate 

that recombination centers do exist at the interface and 

that tunneling via these interface states seems to dominate 

the forward current-voltage characteristics. However, the 
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limiting value for the overall density of these recombination 

centers is less than 8x10"̂ ^ cm*""̂  
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APPENDIX A 

THE METHOD TO DETERMINE THE RELATIVE AMOUNTS 

OF MATERIAL FOR MULTIPLE LAYER LPE 

It is convenient to determine the required amounts of 

arsenic, aluminum, tin, and germanium as weight ratios of 

the amount of gallium placed in the solution chamber of the 

graphite boat. An initial growth temperature of approxi

mately 850 °C is used for all the devices grown to date. 

The starting point for deciding upon the solution composi

tion of a given layer, is to determine the atomic fractions 

of the materials at the desired growth temperature. The 

empirical data used for the atomic fractions at different 

temperatures is provided in figures Al, A2, A3, A4, and A5. 

(.a) Material for the GaAs Buffer Layer 

18 —3 TQ = 850 °C, Sn carrier concentration = 1 x 10 cm 

Then: 
31 X = 0.078, Atomic fraction of Sn, figure Al sn 
29 

A =0.04, Atomic fraction of As, figure A2 

X^ = 1 - X„ - X, , Atomic fraction of Ga 
Ga Sn As' 

.*. X^ = 0.882 

The weight of each element 'i' needed in each section is 

readily determined from the definition: 
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Figure Al. Atomic Fraction v£. Doping Concentration 
for Sn. 
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Figure A2. Liquidus Composition v£. Temperature 
for GaAs. 
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N. 
1 ^i " (N.̂  + N^ + .... + N) ' Atomic fraction 

where N̂ ,̂ the number of moles of each of the n components in 

the solution, is the weight of the element divided by its 

molecular weight. 

Thus: 
„ ^Ga ^ _ Wg^ (grams) 

^ _ ^Sn „ _ "sn f̂ rams) 
'Sn ,., .̂  „ J. « > ' Sn 118.7 

^As ^ "AS ^g^™"' 
^AS - (Ng^ + Ng^ + N^^) ' A S - 74.9 

Weight of Sn: 

^Sn ^ 0.078 ^ ^ ^ ^Sn . 69.7 
X ^ - 0.882 - N^^ - 118.7 W^^ 

^Sn = ^-^^ ^Ga ^^^^ 

Weight of As: 

^As ^ 0.04 ^ ^ ^ ̂ ^ . 69_J. 
X ^ 0.882 - N^^ - 74.9 W^^ 

W, = 0.04 9 W^ grams 
As Ga 

However, the arsenic is introduced in the convenient form 
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of polycrystalline GaAs. Therefore, the required amount of 

GaAs to saturate the solution with As at T-̂  = 850 °C is 

approximately double the amount of arsenic. 

"caAs = °-°98 Wg^ grains 

(b) Material for Al Ga,_ As Layer 

TQ = 850 °C, Ge carrier concentration = 1 x 10 cm , 

and aluminum content x = 0.3. 

There has been no published data of the liquidus-solidus vs. 

hole concentration for germanium in Al Ga, _ As. However, it 

is generally accepted that a very good estimate of the 

atomic fraction of Ge can be obtained from the GaAs data, 

for an aluminum content X = 0.3, by looking up the value for 

one order of magnitude Cfactor of 10) greater than that re

quired for Al Ga, As."̂ "̂  Thus, for a Ge concentration of 

1 X lO-"-̂  cra"̂  in AIQ 3GaQ ^As, the atomic fraction for 

1 X 10"̂ ^ cm"^ in GaAs is determined, figure A5. 

Then: 
-3 31 

X , = 2.58 X 10 , figure A3 
29 

X, = 0.028, figure A4 
As 

32 
X,. = 0.0043, figure A5 
Ge 

Y = 1 - X - X - X ^ = 0.965. 
^Ga ^ Al As Ge 

Thus, 
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<̂ ^ (-^Ga 

* ^ ^'^Ga 

•*= ('^Ga 

+ 

+ 

+ 

N A S + 

^ A l 

As 

As 

'^AS + 

^Ge 

\ l 

'^Al 

NAI 

+ 

+ 

+ 

^Ge* 

-

^ G e ' 

^Ge) 

^ _ _ _ _ J ! G a ^ _ W ^ ^ J s r a i o s ) ^ 
ria TM Z M Z M J- M T ' Ga "̂̂  59^7 

f N ^ l = 27 

, N 
W^g Cgrams) 

As 7 4 . 9 

. N, 
WQQ Cgrams) 

<̂ ^ (^Ga + '^As ^ \ l + «Ge) ' '^^ ' 2 . 6 

W e i g h t o f A l : 

^Al ^ 2 . 5 8 X 1 0 " ^ ^ ^ ^ ^ 6 9 . 7 

^Ga " 0 - 5 ^ 5 " ^Ga " ^^ *^Ga 

W '̂ , = 0.001037 W^ grams 

Weight of As; 

^As ^ 0.028 ^ ^ ^ ^ ^As 69.7 

^Ga " 0-̂ 5̂ " ^Ga " ^''^ ' ^Ga 

^As =0-031 W^^ 

T^^^' ^GaAs = ^'^^^ ^Ga ^^^^ 

Weight of Ge: 

V N W 

^Ge _ 0.0043 ^ ^ ^ Ge 69.7 
^Ga ^ O-^^' " ^Ga " ^ ^ ^ * ̂ Ga 

W^ = 0.00464 W^ grams Ge ba 
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These values provide a good estimate for the material quan

tities, however, the actual values used are as follows: 

GaAs, Sn doped 1 x lO"*"̂  cm~"̂  

^GaAs = °-l ^Ga ^^^^^ 

^Sn = °-^^ ̂ Ga ^^^^ 

AIQ ^GaQ ^As, Ge doped 1 x lO"'"-̂  cm"^ 

^GaAs = 0-055 W^^ grams 

W^^ = 0.00465 W grams 

^Al = 0.00104 W grams 

The slight increase for the weight of tin, W„ , is intro-
on 

duced to compensate for the slight loss of material during 

the chemical cleaning etch. Also, the amount of GaAs re

quired for saturation of the AlGaAs solution is reduced 

slightly, primarily because the temperature is actually less 

than 850 °C when the layer is grown. These values were also 

experimentally verified by John Connolly at RCA Laboratories 

using photoluminescence (_PL) measurements on some typical 

sample devices. 

The weight of gallium used in each chamber is usually 

approximately 4 grams. 



APPENDIX B 

PREPARATION OF THE LPE SYSTEM 

AND SEMICONDUCTOR MATERIALS 

The palladium diffused hydrogen purifier provides a 

continuous flow of ultra-pure hydrogen to the quartz tube. 

However, it is also essential that all exposed component 

parts and materials be clean and be of high purity, six 

nines wherever possible. Therefore, special care is taken 

in preparing the semiconducting materials and the system 

prior to the growth operation. 

Bl. Graphite Boat 

The graphite must be machined with new degreased tools 

and handled with care; the entire boat assembly is returned 

to Poco Graphite for purification. During this process, 

the boat is carbon impregnated and regraphitized at high 

temperature to fill up any pores that may be present, ensur

ing a high density and high purity material. The purified 

boat is gallium leached, that is, gallium is used as a heavy 

metal getter to remove any remaining impurities. This pro

cess involves filling the solution chambers of the boat with 

gallium and then heating the boat at approximately 950 "C for 

12 hours in flowing hydrogen. The gallium is then discarded 

and the boat is carefully wiped free of gallium with a dry, 

lint-free soft cloth. The boat is then ready for use. This 
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process may be repeated when necessary, to eliminate any 

contamination from dopants used on a previous run. 

The cleaning procedure developed for the graphite boat 

after each run is as follows: 

Ci) To prevent contamination from the hands, 

always wear a combination of clean cotton 

gloves with plastic gloves over them for 

maximum protection. 

Cii) All graphite parts should be wiped clean 

and polished with a dry, lint-free soft 

cloth. C'Tex Wipes' are ideal.) Make 

sure not to let any remaining crystallized 

GaAs scratch the surface. 

Ciii) Use foam tipped swabs CLaminaire Corp) clean 

and polish the inside of each chamber thoroughly. 

(_iv) Finally, blow all surfaces clean with filter

ed nitrogen and either store the boat in 

the quartz tube or load it with the new 

materials ready for the next m n . 

It is important not to soak or rinse the boat in sol

vents or acids whenever possible. This is likely to contami

nate the boat because the impurities are not always driven 

off by a bake out at 950 °C in flowing hydrogen. Therefore, 

once the boat has been machined, purified and carbon impreg

nated, it should only be polished clean with a dry, lint-

free cloth. 
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B.2. Quartz Tube 

Quartz should always be handled with cotton gloves to 

prevent devitrification of the quartz when heated. Some

times deposits form on the inside of the tube; these may 

be removed with a few passes of the tube cleaning brush 

moistened with methanol. 

B.3. Substrate and Source Wafer Preparation 

The chemically polished substrate wafers are cut from 

18 —3 

n-type GaAs, doped with silicon to 3 x 10 cm , and sup

plied by Laser Diode Laboratories. The slices are orientated 

along the ClOOI plane and have an etch pit density of less 

than 1300 per cm . The wafers are 0.015 in (+ 0.001 in) 

thick and 'D' shaped. A substrate wafer is adhered onto 

a glass plate by heating a small amount of phenyl salicylate 

(Salol): on the glass and then placing the wafer backside 

down onto the surface. When the Salol rehardens, the sub

strate is then scribed with a diamond tipped scriber into 

rectangular shapes CO.47 in x 0.53 in) and then removed and 

cleaved parallel and perpendicular to the flat edge of the 

wafer. The edges of the cleaved substrates may be beveled 

slightly with fine emery paper, 4/0; this has been found to 

prevent edge effects. 

If substrates are purchased which are thicker than 

0.015 in, then the wafers must first be backside lapped to 
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this dimension; a slurry containing 1 ym aluminum oxide 

abrasive and deionized water works well. 

Lapping Procedure 

Ci) Measure the actual thickness of the substrate 

with the vertical micrometer and record the 

desired amount to be removed. 

Cii) Melt a small amount of Salol on the aluminum 

lapping disc and adhere the substrate, polished 

side down, to the center of the disc. 

Ciii) Use the vertical micrometer to measure the 

difference in height between the surface of 

the substrate and the aluminum disc. Subtract 

from this, the required amount that is to be 

removed from the substrate. This number is 

now the required difference between the alumi

num disc and the substrate surface. 

Civ) Pour a few cm of the 1 ym alumina slurry 

onto the circular pad of the lapping machine, 

(v) Place the lapping disc, substrate facing down, 

onto the pad and secure the disc with the 

movable arm on the machine. 

Cvi) Turn on the lapping machine. Two or three 

minutes are typically required to remove 

0.001 in. 
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(vii) If the slurry becomes thick, pour a few cm"̂  of 

dionized water onto the pad to thin it. 

Cviii) When the slurry turns to a light gray color, 

remove the aluminum disc and rinse the lapping 

pad clean with deionized water, 

(ix) Rinse the substrate and aluminum disc clean 

with deionized water, carefully dry the sub

strate with line free paper, and then measure 

the difference in height between the substrate 

surface and the aluminum disc. If this is 

still greater than the number calculated in 

Ciii), repeat the process from step (iv), 

until it is. 

(x) Finally, once the desired thickness has been 

obtained remove the substrate by melting the 

Salol and follow the substrate cleaning pro

cedure below. 

Substate Cleaning 

This procedure is performed just before the LPE system 

is ready for loading. 

Ci) Degrease the substrate in near boiling trichloro-

ethylene, acetone, and methanol for approximately 

five minutes in each solvent. It is important 

to keep the polished side facing up, and to handle 

the wafer with teflon tweezers, thereby prevent-
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ing surface damage to the substrate. Rince in 

deionized water. 

Cii) Place substrate, polished side up, in warm 

C50 °C) sulphuric acid for about 20 minutes. 

Rinse in deionized water. 

Ciii) Place substrate, polished side up, in a 3:1:1, 

sulphuric acid: hydrogen peroxide: deionized 

water, for one minute to remove the surface 

oxide. This solution evolves heat during 

mixing and should be cooled, before using, in 

a water bath. It is more effective to add 

the hydrogen peroxide after the etch has 

cooled, about 15 minutes. If fogging of the 

surface occurs, remove the substrate and place 

in deionized water. Warm the etch 5 to 10 °C 

and then re-etch the substrate until it is shiny 

and clearn. 

(iv) Finally, the substrate is quickly but thoroughly 

rinsed first in deionized water, then methanol, 

and stored in isopropanol ready for immediate 

loading into the recess of the slider. Nitrogen 

is used gently to blow dry the substrate. 

Preparation and Cleaning of the GaAs Source Material 

The source wafers are polycrystalline material, usually 

0.020 in thick, and having a background carrier concentra-
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15 -3 
tion, n < 10 cm . These wafers provide the GaAs material 

for the solution and the square source body necessary for 

insuring an equilibrium solution prior to the epitaxial 

growth onto the substrate. 

Steps Ci) through Civ) are usually performed on the 

day before a run. 

Ci) Degrease the wafer in near boiling trichloro-

ethylene, acetone, and methanol for 5 minutes 

in each solvent. Rinse in deionized water. 

Cii) Place in warm C60 °C) sulphuric acid for 

one hour. 

Ciii) Place wafer flat in a beaker, pour in a 

6:1:1, sulphuric acid: hydrogen peroxide: 

deionized water, solution cooled to 20 °C. 

Leave for 3 to 4 hours, turning the wafer over 

every 15 minutes, until both sides become highly 

polished. The solution may be agitated to aid 

etching. Rinse in deionized water. 

Civ) Using a diamond impregnated wire saw, cut the 

source wafer into squares CO.47 in x 0.47 in) 

and store. All the left over pieces are used 

for the arsenic contribution to the solution. 

On the day of the run; 

Cv) The calculated amount of material is weighed 

out on a chemical balance scale (accuracy of 

0.1 mg.). 
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Cvi) Degrease, as in step Ci).. 

Cvii) Place in warm C50 *'C) sulphuric acid for 20 

minutes. Rinse in deionized water. 

Cviii) Place GaAs material in a cooled 3:1:1, 

sulphuric acid: hydrogen peroxide: deionized 

water, etch for 5 minutes. Rinse in deionized 

water. 

Cix) Rinse in methanol and store in isopropanol 

until ready to load into the boat. Nitrogen 

is used to blow dry the material. 

B4. Gallium 

Six nines purity gallium, obtained from Alusuisse, Inc., 

is used as the solvent for the melt solution in the chambers 

of the boat. The plastic squeeze bottle, which contains the 

gallium, is heated in water above the melting point of a gal

lium, 29 °C, thereby enabling the liquid gallium to be 

squeezed out. A cleaned teflon dish, with a pouring spout, 

is used to weigh out the required amount of gallium, approxi

mately 4 gms. Teflon has the advantage that the gallium 

does not wet it and therefore, molten gallium can be easily 

poured out of the dish and into the chamber of the boat. 

A petri dish cover is placed over the teflon dish prior to 

loading to minimize contamination. It is not critical that 

4 gms. exactly be used, but is is important to know the 
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exact weight so that the weight of all the other materials 

can be deteinnined. 

B5. Tin for n-Type Doping 

Five nines purity tin is used in the form of small gran

ules, purchased from United minerals Corporation. 

Ci) Weigh out the calculated amount of material 

necessary for the desired doping concentration. 

Cii). Degrease in near boiling trichloroethylene, 

acetone, and methanol for five minutes. 

Rinse in deionized water. 

Ciii) Place in warm C40 °C) concentrated hydrochloric 

acid for one minute to remove surface oxide. 

(;iv) Rinse in deionized water, then methanol and blow 

dry with nitrogen and store in isopropanol until 

ready to load into the boat. 

B6. Germanium for p-Type Doping 

Six nines purity germanium is purchased from Atomergic 

Chemicals Corporation, in the form of a small ingot, 

(i) Before crushing some of the material, the 

oxide can be removed by placing in a 1 HF: 

IH2O2: 4 H2O etch for 2 minutes. Rinse in 

deionized water, 

(ii) Crush material into small pieces in a clean 

mortar and pestle and weigh out the required 

amount for the doping concentration desired. 
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(iii) Degrease, as for tin. 

(;iv) Store in isopropanol until ready to load 

into the boat. 

B7. Aluminum 

High purity, five nines, O.OIQ in diamater aluminum 

wire is used for the melt additive to produce Al Ga, As 
X 1-x 

and is purchased from United Mineral Corporation. 

Ci) Weigh out the calculated amount for the de

sired value of X. 

Cii) Degrease, as for tin. 

Ciii) Place in warm C40 °C) concentrated hydro

chloric acid for 1 minute to remove any 

oxide. 

Civ) Rinse in deionized water, then methanol and 

store in isopropanol until ready to load 

into the second chamber of the boat. 

Clearly, it is important that the materials should be 

loaded into the boat almost immediately after cleaning and 

etching to prevent further contamination and oxidization. 
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APPENDIX C 

LPE SYSTEM OPERATION 

CI. The LPE System 

Figure CI is a block diagram of the complete LPE system. 

Two hydrogen cylinders, installed behind the gas control 

unit, provide 99.96% purity hydrogen for the system. When 

the pressure of a cylinder reaches approximately 500 psig, 

it should be replaced with the second cylinder as soon as 

possible. Therefore, it is important always to check that 

there is sufficient hydrogen for an uninterrupted run. The 

Deoxo unit operates on the principle of catalytically combin

ing oxygen and hydrogen to form water vapor. It is installed 

vertically, the flow directional arrow pointing downwards, 

to prevent channeling of the gas after the catalyst has 

settled. This unit must be purged with dry nitrogen, or 

be evacuated, to remove all the air from the system before 

introducing the hydrogen gas. Similarly, when shutting 

down the system, a nitrogen purge removes all the water 

vapor so that it does not condense on the catalyst upon 

cooling. The water and oil removal filter and 0.5 micron 

particle filter help to produce clean, dry hydrogen gas for 

the purification unit, which is important for a long life 

operation of the palladium alloy membrane. 
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The Matheson 8361, hydrogen purification unit operates 

up to 200 psig and by varying either the feed gas pressure 

or the output valve setting on the purifier, various out

put flow rates may be obtained, up to a maximum of approxi

mately 1.2 liters per minute. A pressure gauge, PG. , moni

tors the input pressure to the purifier and in normal use 

is set at 175 psig. Evacuation of the purification cell 

prior to the introduction of hydrogen is preferred to gas 

flushing. The diffusion palladium membrane in the purifier 

may be leak checked by introducing nitrogen under pressure 

on the feed side of the cell with V3 closed. No flow or 

pressure build-up should be observed on the output side if 

the unit is functioning correctly. The palladium membrane 

should never be exposed to air while hot and should also 

not be heated up or cooled down in the presence of hydrogen. 

Therefore, the purifier is only heated in the presence of 

nitrogen or a vacuum, and it is only when the operating tem

perature, 700 °F to 75 0 '̂F, is attained that hydrogen is 

admitted into the purifier. The ultra-pure hydrogen pro

duced, better than 1 ppm purity, flows through the quartz 

reactor tube and is then vented out of the system via a 

bubbler containing a low pressure silicone oil. A toggle 

valve Tl permits immediate cut-off of the hydrogen gas 

supply in an emergency. Dry nitrogen gas, at an input pres 

sure of a few psig, may be introduced into the system for 
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purging by opening toggle valve T2. A Varian Vacsorb pump 

and a Welch mechanical vacuiim pump provide the means for 

evacuating the system. The Vacsorb pump consists of a vacuum 

tight enclosure containing an absorbent, Linde Type 5A 

Molecular Sieve, which evacuates the air or gas from the 

system when cooled to liquid nitrogen temperature. However, 

for the most part, the mechanical pump provides an adequate 

vacuum. A cold trap is used to prevent oil vapors migrat

ing into the system. 

A Marshall Single Zone furnace. Model 1069, is mounted 

on wheels and can be moved back and forth along a track, so 

as either to enclose the quartz tube for rapid heating prior 

to growth or to expose completely the quartz tube for rapid 

cooling after the epitaxial growth is completed. The tem

perature control for the furnace is supplied by a Eurotherm 

digital setpoint, potentiometric temperature controller. 

Model 918, a Eurotherm SCR assembly. Model 932, and a Euro

therm temperature programmer. Model 125. Together, these 

units provide a versatile temperature controller enabling 

the furnace temperature to be ramp cooled or heated at rates 

ranging from +0.1 °C/minute to + 1.9 °C/minute, in the 

temperature range 0-999 °C. It is essential that the tem

perature profile be very stable and as linear as possible 

along the length of the graphite boat. Heat losses through 

the end of the furnace are minimized by using fiberfrax, 

a heat insulation material. However, fluctuations with 
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time tend to occur and so an isothermal furnace linear Csodium 

heat pipe)., is also incorporated in the middle of the furnace. 

It is a sodium filled inconel two-foot cylindrical tube hav

ing a very large thermal mass, which stabilizes any temperature 

fluctuations and has a temperature uniformity within + H °C 

over its length. A slight horizontal temperature gradient 

(approximately 0.1 '̂C/cm) is desired such that the semicon

ductor melt is slightly hotter than the approaching sub

strate. This permits the deposition of a very thin layer 

immediately and provides good nucleation for growth on the 

surface. To achieve this temperature gradient along the boat 

the furnace is moved until the graphite boat is positioned 

near one end of the heat pipe as shown in figure C2. The 

measured gradient over the boat in this location at 850 °C 

is approximately 0.16 °C/cm. 

C2. Start-Up Procedure 

Hydrogen should never be heated until it is known to 

be free of oxygen and the system receiving the ultra-pure 

hydrogen should be purged or evacuated beforehand accord

ing to the following protocol. 

(a) Nitrogen purge the entire system at a rate of 

approximately 1.5 liters per minute by opening 

valves T2, VI, V3, V4, V5, the output valve 

on the purifier (UPH) and also set the bleed 

valve at 30 cm per minute. Leave for at least 

1 hour. Add liquid nitrogen to cold trap. 
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(b) Close all valves, turn on the mechanical 

vacuum pump. Open V2, V3 and UPH. 

(c) Once the thermocouple vacuum gauge indicates 

approximately 50 millitorr, V2 is closed and 

T2, VI, V4 and V5 are opened to admit nitro

gen. Nitrogen should flow for approximately 10 

minutes. 

Cd) Steps Cb) and (c) are repeated twice to insure 

removal of all the air in the system. 

(e) The temperature trim control on the hydrogen 

purifier is set to position 7 (corresponds to 

around 720 °F, although this does depend on 

the flow rate). 

(f) Turn the purifier on and allow the unit to heat 

up. Nitrogen flows at approximately 1.5 litters 

per minute. As the temperature approaches 700 

PF, adjust the temperature trim control so that 

the temperature stabilizes in the range 700-750 

PF (typically 720 °F). 

(g) Evacuate the purification cell by shutting off 

all the valves and then opening V2, V3, V4, V5 

and UPH. 

(h) After evacuating to 60 millitorr, close all valves 

and then open Tl and VI to allow hydrogen to 

fill the upstream side of the cell. Input pres

sure 175 psig. 
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(i) Open the bleed-valve and set the rate at 30 

3 
cm per minute. Be sure V3, the by-pass valve, 

is closed tightly. 

Cj) Open the ultra-pure hydrogen control valve slowly 

to avoid a sudden gas surge. Open V4 and V5; 

bubbles should appear in the bubbler. Set the 

flow rate at about 0.5 liter per minute and leave 

for at least an hour. 

Normally, once the hydrogen is flowing, it is not 

turned off until all the LPE runs required have been com

pleted, this avoids excessive temperature cycling of the 

diffusion palladium membrane in the purifier. 

Furnace Heat-Up 

(a) Position the furnace at the far end of the track. 

(b) Set the digital set point on the Eurotherm con

troller to 920 °C or other desired datum temper

ture. 

(c) Make sure the lower button 'V is pushed in, 

and 000 °C per minute appears on the temperature 

programmer. 

(d) Turn on the main power and breaker switch located 

at the back of the control unit and allow the 

furnace to heat up and stablize. 
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C3. Typical Growth Program 

The furnace should be preheated to 920 °C and ultra-

pure hydrogen flowing through the quartz tube at approxi

mately 1.2 liters per minute as described in section C2. 

Figure C3 illustrates the temperature vs. time program. 

Prebake 

Prebaking serves as a purification mechanism by both 

deoxidization of gallium oxide by the hydrogen gas and 

desorption of water vapor and oxygen absorbed by the porous 

graphite boat. It involves heating the melt materials to 

920 °C under a steady flow of purified hydrogen gas. 

Ca) Clean and prepare GaAs source material, germanium, 

tin and gallium as described in appendix B. 

(b) Remove the stainless steel end plate and the graphite 

furnace boat, hydrogen flowing all the time. 

(c) Position the boat so that both source and sub

strate recesses in the slider are exposed at the 

back end of the boat. 

(d) Carefully pour in the weighed amounts of molten 

gallium into the solution chambers. 

(e) Blow dry the tin and germanium dopants with nitro

gen and add to the gallium in the respective 

chamber. 

(f) Blow dry the GaAs polycrystalline material and 

place the pieces in the respective chambers. 
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(g) Carefully load the boat into the quartz tube 

and slide the whole unit down the tube until it 

is about 1/4 inch from the stop bar. 

(h) A short 1/4 inch diameter quartz rod should be 

placed in the thermocouple fitting. Replace the 

end plate and secure tightly; check that bubbles 

form in the bubbler. 

(i) Move the push rod down toward the boat and hook 

it into the hole provided. Take care not to dis

turb the boat. 

(j) Tighten down the Cajon o-ring fitting. It is im

portant during prebake, that the slider and boat 

remain stationary relative to each other and 

therefore the operator should be aware that the 

push rod will move about 1/16 inch into the tube 

as the fitting is tightened. 

(k) Purge with hydrogen for at least 1 hour, typically 

2 hours. 

(1) Move the furnace along the track slowly to enclose 

the majority of the tube until the boat is positioned 

as close to the exact center as possible of the fur

nace; this position is identified as PREBAKE on 

the track. 

(m) Bake the boat and material for at least 15 hours 

(usually overnight) under a maximum hydrogen flow. 
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(n) After prebaking, roll the furnace away and cool 

the boat'rapidly with an electric fan. 

Epitaxial Growth 

(a) The GaAs substrate and source wafer and aluminum 

should be prepared and cleaned ready for loading, 

as described in appendix B. 

(b) Remove the end plate, pull the boat assembly 

carefully to the open end, but do not completely 

remove it. 

(c) Blow dry the aluminum with nitrogen and place it 

carefully on the gray crust formed in the second 

solution. Avoid deliberately penetrating this 

crust as it helps to protect the solution from 

oxidizing during the loading process. 

(d) The source and substrate wafers are blown dry 

between lint free paper with nitrogen and quickly 

loaded into the respective recesses. A small 

piece of graphite is placed over them to prevent 

thermal decomposition. Needless to say, steps 

Cb), (c), and (d) should be completed as quickly 

as possible C2 minutes) and the end plate re

placed. 

(e) The boat should be positioned about 1/16 inch 

from the stop bar, so that once the o-ring fitting 

has been tightened, the end of the boat just rests 
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against the stop bar. Avoid moving the boat rela

tive to the slider as the crust formed on the bottom 

of the solution will break away and may scratch 

the boat and also cause poor wipe off. 

(f) Install the platinum-platinum 13% rhodium thermo

couple, positioning the actual thermocouple bead 

over the center of the second melt chamber. Con

nect the thermocouple to the electronic ice point 

and measure the output voltage on the Keithley 

digital microvoltmeter. 

(g) Position the push rod manipulator so that the end 

of the push rod rests up against the vertical 

push plate the thermocouple rests in the groove 

provided. 

Ch) Purge the system with hydrogen for at least 1 hour. 

(i) Move the furnace (920 ''C) over the quartz tube 

until it is in the growth position marked on the 

track. This position establishes the correct 

temperature gradient. 

Cj) Monitor the boat temperature. Once the tempera

ture reaches 900 °C (20 minutes) move the push 

rod so that the trailing edge of the substrate 

wafer just disappears under the boat (16-3/4 inches 

from end of exposed push rod to the end plate). 

The wafers move away from the graphite cover dur

ing this operation. 
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(k) The furnace is now cooled to 850 °C, the initial 

growth temperature, by setting the cooling rate 

to 1.9 °C/minute, and the cooling interval to 70 

°C on the Eurotherm temperature programmer. Initi

ate cooling by pressing the upper button 'V so 

that the temperature is ramp cooled away from the 

datum temperature set on the controller. This takes 

approximately 4 0 minutes. 

(1) Set the controller to 850 °C and the programmer 

unit to 'F' (fast~ scan) . Press the lower button 

'V' so that the unit now returns to the new datum 

temperature, 850 °C, set on the controller. 

(m) Allow the boat temperature to stabilize for about 

40 minutes. 

(n) Raise the temperature 5 °C and then move the GaAs 

source wafer under the first chamber, position 1 

on the manipulator. Leave for approximately 1 

hour to allow the solution to equilibrate and homo

genize. 

(o) Set the cooling rate to 0.6 °C/minute and the cool

ing by pressing the upper button 'V on the pro

grammer . 

(p) A delay of approximately 4 minutes occurs before 

the boat temperature responds, due to the large 

thermal mass of the heat pipe. However, after 4 
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minutes, move the push rod so that the substrate 

is now under the first chamber, position 2 on the 

manipulator. Epitaxial growth begins. 

Cq) Using the empirical time y£. depth data in figure 

C4, the growth time can be estimated for the 

thickness desired. For this work a 12 ym thick

ness was desired, hence a 14 minute growth period 

was required. 

Cr) The push rod is next moved smoothly and quickly 

to position 3; the substrate is now under the 

second solution. Again the time vs. depth data 

is used to estimate the required growth period. 

For this work a 5 ym AlGaAs thickness is desired, 

hence a 14 minute growth period. 

(s) After the growth is completed, a push rod is moved 

smoothly until the substrate is positioned at the 

far end of the boat but still covered by the 

graphite. 

(t) Role away the furnace and rapidly cool the boat 

to room temperature using an electric fan. 

(u) When cool, carefully remove the thermocouple and 

store in a safe place. Slide the boat assembly 

slowly to the loading end of the quartz tube by 

pulling and then unhook the push rod. 
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(v) Remove the end plate and carefully lift out the 

graphite boat. Handle with cotton and plastic 

gloves. 

(w) Carefully slide the boat to uncover the substrate, 

remove it and place it in isopropanol. Dump the 

melt materials but keep the source wafer; this 

may be re-etched and used for another solution. 

(x) Clean the boat and quartz tube thoroughly as des

cribed in appendix A. Replace the end plate. 

Wipe-Off Problems 

Occasionally when the substrate is moved from under 

the last melt, part of the melt is also carried through 

leaving a small puddle of saturated gallium on the grown 

AlGaAs surface. Poor melt wipe-off is a result of the spac

ing between the upper part of the substrate and the lower 

part of the chamber dividers of the boat, becoming too 

large. There are essentially two possibilities for this 

gap becoming too great, 

(i) The substrate is too thin, 

(ii) General use and polishing of the boat cause 

the lower ends of the chamber dividers to 

become rounded and worn. 

If very poor wipe-off continues for several consecutive 

runs, the boat should be re-machined to improve the toler

ance. However, it should be noted that poor wipe-off is a 



170 

common problem for LPE workers and is usually not too serious 

as there is normally enough remaining clear area to provide 

many devices. 

C4. Shut Down Procedure 

If the system is not to be used for 5 days or more, it 

should be turned off in the following manner; 

Ca) Turn off the main power switch to the furnace 

controller. 

(b) Shut off hydrogen supply and Tl, bleed all the 

hydrogen off at the purifier. 

(c) Turn off VI, V4 and bleed valve. 

(d) Open V2 and V3 and evacuate both sides of the 

purifier. 

(e) Close V2, open VI, T2 and V4; purge the system 

with nitrogen for 10 minutes. 

Cf) Repeat steps (d) and (e) twice. 

(g) With nitrogen flowing, the hydrogen purifier 

unit is turned off. 

(h) Allow nitrogen to flow overnight at a rate of 

approximately 0.5 liters per minute, 

(i) Shut off all the valves; the system is now shut 

down. 

C5. Emergency Procedures 

Ca) Temporary Shut Down 

Should an emergency arise whereby the hydrogen flow 
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must be shut off, the following protocol is 

followed. Close the UPH valve, the bleed valve, 

and valves VI, V4 and V5. The purifier is left 

on. Normal shut-down procedure may be followed 

if necessary. 

Cb) Hydrogen Explosion 

If an explosion occurs, hydrogen flow is shut 

down by closing Tl first, then V4, as quickly as 

possible. Help should be sought immediately. 

(c) Sodium Vapor Escape From Heat Pipe 

Hydrogen flow is shut off as quickly as possible. 

If there is a fire, it is extinguished by cover

ing it with dry soda ash (Na2C0-), which is stored 

in a container by the LPE cabinet. Help should 

be sought immediately. 

C6. Contacts 

Au-Ge for n+ GaAs Substrate 

Four nines purity Au-Ge discs, 0.034 inch diameter and 

0.0015 inch thick, were purchased from Cominco American, Inc 

An NRC (Varian) Model 3117 evaporation system with an alumi

num oxide coated tungsten boat, Mathis Type 535B-A0-W, is 

used to evaporate the material. The evaporation pattern 

and distribution was determined experimentally by evaporat

ing a small amount of material onto a Pyrex glass plate, 
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positioned 5 cm above the boat. The main coverage (90%) 

was within an area 9 cm x 8 cm; if the initial volume of 

the material is known, the thickness can be calculated. 

Using this information, the required volume, and hence the 

number of Au-Ge discs, for a 3500A coverage can be deter

mined. 

Procedure 

(a) Mount the epitaxial wafer, AlGaAs side down, onto 

the lapping disc with Cerise wax. 

Cb) Using a 1 ym alumina and deionized water slurry, 

lap the back side approximately 0.002 inch, 

until the surface is polished. Rinse in deionized 

water. 

(c) Remount on a small glass plate (half a microscope 

slide), AlGaAs side facing down. 

(d) Etch the GaAs for 30 seconds in a 3:1:1, H2SO^:H202 

HpO solution. The AlGaAs side is protected from 

this etch by being waxed to the glass. Rinse in 

deionized water. 

(e) Remove the substrate and clean in trichlorethylene, 

acetone, and methanol for 2 minutes in each sol

vent, and then store in isopropanol. 

Cf) Meanwhile, the evaporator should be pumped down 

ready for use as described in the operating manual 
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for the system. The lower chamber should be at 

least 10" torr. 

(g) 100 Au-Ge discs Cfor 3500 A layer) are loaded into 

the evaporator boat using a vacuum tweezer. Once 

loaded, the substrate holder, 5 cm from the boat, 

and the evaporation shield are put into position. 

(h) Carefully blow dry the substrates with nitrogen 

and place them in the recesses in the substrate 

holder, GaAs side toward the evaporation boat. 

(i) Pull down the glass dome gently so as not to dis

turb the substrates. 

Cj) Close the foreline valve and open the roughing 

valve, so as to pump the main chamber down to 

about 0.05 torr. When reached, close the rough-

in valve, open the foreline valve, and then open 

the main gate. 

(k) The diffusion pump and ion gauge should already 

be on the working from step (f); however, the ion 

gauge may be outgassed again for 30 minutes. 

(1) Add liquid nitrogen and wait for the pressure to 
-7 

drop about 3 x 10 torr. 

(m) To evaporate the material; set the voltage selector 

at 10 volts, turn on the power. Slowly raide the 

current to 100 amps and hold for 2 minutes; some 

melting occurs. Raise the current to 140 amps; 
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all the material should be melted and the pressure 

seen to drop. Initial evaporation occurs. 

(n) Remove the shield and turn the current up to 160 

amps for 2 minutes. To be sure all the material 

has evaporated, the current is raised to 180 amps 

for 30 seconds before turning off the power. 

Co) Shut off the main gate and bring the chamber up 

to atmospheric pressure. Unload the substrates. 

Palladium for P-Al^ o^^Q 7^^ 

Electroless palladium was purchased in the form of a 

commercial solution called Pallamerse from Technic, Inc. 

(a) Wax the wafer onto a small glass plate (half a 

microscope slide) with the Au-Ge side facing down. 

Clean away any residual wax. 

(b) Rinse in isopropanol and deionized water. 

(c) Place in warm sulphuric acid (50 °C) for about 5 

minutes. Rinse in deionized water. 

(d) Dip the wafer briefly in warm hydrochloric acid 

(50 °C) ; usually 5 seconds is sufficient. This 

step is kept short; although HCl will etch the 

oxide layer relatively slowly, once it is removed, 

the etch rate is very rapid and it is possible to 

etch the AlGaAs layer off completely. Rinse in 

deionized water quickly. 
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(e) Place immediately into a warm (50 ''C) palladium 

solution. This solution is made by mixing 3 parts 

deionized water to 1 part Pallamerse. It has 

been found that the quality of the Pd coating is 

improved if the wafer lies flat, AlGaAs side up, 

in the bottom of a beaker rather than resting 

vertically. The solution is agitated every 5 

minutes. 

(f) After 20 minutes, 5000 A of palladium should have 

been deposited onto the AlGaAs; this is then 

rinsed in deionized water. 

(g) The wafer is then degreased in trichlorethylene, 

acetone, and methanol, and is ready for sintering. 

Sintering 

This is a heat treatment, performed on the device after 

the contact materials have been deposited, which helps to 

make the contacts ohmic and to reduce the contact resistance, 

(a) After degreasing the wafers are blown dry with 

nitrogen and loaded into a small graphite holder. 

This is then placed just inside a closed quartz 

tube with hydrogen flowing at approximately 1 

liter per minute. 

(b) The furnace should be preheated and stabilized 

at 500 °C. 

(c) After purging the quartz tube for 1 hour, the 

furnace is then moved over the latter 2/3 of the 

tube for 30 minutes. 
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(d) The graphite holder Cpositioned outside the fur

nace) is then pushed into the hot zone of the tube 

for 2 minutes. 

Ce) The furnace is then rolled away and the tube and 

substrates are allowed to cool. 

Cf) The substrates are now ready for cutting up into 

2 mm square devices and mounting onto TO-5 headers. 

C7. Mounting the Devices 

The grown wafers are cut up to the desired dimension 

C2 mm X 2 mm) with a wire saw and are then degreased in 

warm trichloroethylene, acetone, and methanol for five min

utes in each solvent. Each device is mounted onto a standard 

T05 header, obtained from Texas Instruments, Dallas. 

Mounting Procedure: 

(a) Prepare the Epo-Tek 417 conductive (silver) 

epoxy; 15 parts of silver paste to 1 part hardener 

by weight, thoroughly mix into a smooth paste. 

(b) Secure the T05 header, so that it stands verti

cally, by pushing the leads into a small piece 

of balsa wood. 

(c) Using a pari of pointed stainless steel tweezers 

take a small amount of the silver epoxy and de

posit a 'dot' in the center of the header. 

(d) Place a device chip, GaAs (Au-Ge contact) side 

down, onto the epoxy. 
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(e) Deposit another 'dot' of epoxy onto the center of 

the AlGaAs CPd contact), material and onto one of 

the terminal posts. 

Cf) Take one of the leads of an unused header and cut 

it to the length corresponding to the distance 

from the center of the chip to the terminal post. 

Cg) Dip both ends of the cut lead into the epoxy 

paste and carefully position the lead in place 

so as to connect the top side of the device to 

the terminal post, see figure C5. Avoid using 

too much material as it may easily smudge over the 

edges of the device and thereby short it perman

ently. 

(h) The Epo-Tek 417 will harden overnight, or an 

infra-red heat lamp can be used for faster curing. 

Avoid heating the device above 70 °C, if possible. 

(i) The header caps are attached with Epo-Tek H70E, 

a thermally conductive but electrically insulat

ing material. Mix thoroughly equal parts of A 

and B into a uniform paste. 

(j) Deposit a thin film of the paste around the rim 

of the T05 header and then place the header and 

cap inside the special air bag. 

(k) Purge the bag with helium for approximately 30 

minutes. Place the cap onto the header and put 
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Figure C5. Device Mounted on TO-5 Header and in a 
Copper Stud. 
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the whole unit, cap-side down, into a sealed pyrex 

jar, also containing helium. 

(1) To cure the epoxy, the jar, containing the headers, 

is removed from the air bag and placed in a pre

heated overn for approximately 90 minutes. 

(m) The final mounting step involves bonding the com

plete header upside down in a copper-tellurium 

alloy stud, as shown in figure C5. The thermally 

conductive epoxy CEpo-Tek H70E) is used for good 

thermal contact and electrical isolation. Curing 

is performed at 70 "C. 




