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ABSTRACT 

Deep level transient spectroscopy (DLTS) combined with uniaxial stress will 

not only determine the energy level of a defect center in semiconductor but also 

tell its symmetry, which is very important for identifying the structure of a 

defect center. As a thesis for my Master 's of Science Degree, this report explains 

the theories of DLTS and uniaxial stress, our experimental system and some 

initial results obtained from this system. 
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C H A P T E R I 

I N T R O D U C T I O N 

Deep level transient spectroscopy (DLTS) was first introduced in 1974 by 

D.V. Lang [1] and has developed many variations on the original capacitance 

transient method and also on the da ta analysis method. It has been widely used 

and has become extremely useful in determining the thermal emission properties 

of the defects and the activation energy of the defects in most semiconductor 

materials . It is also very useful in detecting small concentrations of impurit ies. 

I ts effectiveness and its high sensitivity have enabled researchers to study defects 

and impurit ies in elemental, III-V and II-VI semiconductors. Unfortunately, 

while defect identification also requires the defect s t ructure be known, DLTS 

provides no microscopic information about the s tructure of the defects. 

This project tries to compensate for this disadvantage by combining DLTS 

with the uniaxial stress technique; the lat ter is to controllable per turb the 

propert ies of a defect as a means to identify its s t ructure. By mechanically 

applying the uniaxial stress to a semiconductor crystal while conducting a 

s tandard DLTS measurement , we can determine the defect symmetry from the 

resulting DLTS signals. The defect tha t has been chosen is the well-known EL2 



center in GaAs. It has been studied for decades, but its structure is still not 

known. 

Following this chapter, the theory of DLTS and the description of our digital 

DLTS system will be given first. A brief discussion of the uniaxial stress theory 

and a detailed description of a uniaxial stress appara tus used in our lab will be 

given next. Finally, with an introduction of what is known about EL2, the 

experimental procedures and some initial results will be given. Since, as a part ial 

fulfillment of the Master 's degree, this project mainly is to make the uniaxial 

stress deep level transient spectroscopy (USDLTS) system work, the emphasis of 

this project at the current stage will be on the experimental instrument. 



C H A P T E R II 

DLTS THEORY 

Deep level transient spectroscopy (DLTS) is very useful in detecting small 

concentrations of impurit ies and defects exceeding the sensitivity of chemical 

analysis techniques such as SIMS and Auger spectroscopy [2]. A DLTS system 

with detection limits as low as 10^°cm~^ has been constructed [2]. This high 

sensitivity has enabled researchers to study defects and impurities in elemental, 

III-V and II-YI semiconductors. DLTS was first introduced by D.V. Lang [1] in 

1974 and has developed many variations on the original capacitance transient 

me thod and also on the da ta analysis method. This chapter will cover the basic 

DLTS theory and our measurement system. 

An energy level in the bandgap of a semiconductor can be characterized by 

exploiting its emission behavior as a function of tempera ture and its activation 

energy, which is one of the most important parameters in describing the defect. 

The activation energy of a deep level, so called because its energy level falls deep 

in the gap and not near the edge of the gap, is the energy difference between the 

energy level and its respective band. Deep levels are also called t raps . Figure 2.1 

shows electron and hole t raps , and generation and recombination centers [2]. 
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These levels are of interest because they serve as electron-hole recombination 

centers. They can be undesirable in one case and useful in another. They can 

play an impor tan t role by reducing minority carrier lifetime, and hence, the gain 

of a bipolar t ransistor . They also can speed up switching speed of a transistor . 

Deep levels can be generation centers by emitt ing electrons or holes. A level 

above midgap tends to be an electron t rap because the transition probabili ty of 

capture of an electron from the conduction band is greater than tha t of a hole 

from the valence band and because its emission rate depends exponentially on 

the energy difference between the t r ap level and the conduction band (electron 

emission) or between the t rap level and the valence band (hole emission). A 

detailed derivation will be given later. Similarly, a t rap below midgap is usually 

a hole t r ap . If the semiconductor is doped n-type, such as the Si and GaAs 

samples used in our lab, then an electron t rap is called a majority carrier t rap 

and a hole t r ap is called minority carrier t r ap . In p-type material hole and 

electron t raps are majority and minority t raps , respectively. 

2.1 Trap Concentrations And Emission Rates 

Following is a discussion of the thermal emission process for t rapped carriers 

and the DLTS technique [3,4,5]. 

To make the following discussion, a list of definitions of the notat ions needed 

follows first : 

n = concentrat ion of electrons in the conduction band {cm~^) 

p = concentrat ion of holes in the valence band {cm~^) 

TVr = concentrat ion of defect energy levels [cm~ ) 

riT = concentrat ion of defect energy levels occupied by electrons [cm"^) 

prp =z concentrat ion of defect energy levels occupied by holes [cm~^) 
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Ec = energy of conduction band edge (eV) 

Ey — energy of valence band edge (eV) 

ET — energy of defect energy level (eV) 

EF = energy of Fermi level (eV) 

c„ = capture coefficient of defect for electrons (^cvr?sec~^^ 

Cp = capture coefficient of defect for holes {cm^sec~^) 

e„ = emission ra te of defect for electrons {sec~^) 

Cp — emission rate of defect for holes [sec~^). 

The rate equations for the processes of a , b , C and d for the electron t r ap 

in Figure 2.2 are, first, the rate of change of the conduction band electron density 

dn 
= a — b = c^npT — CnTiT (2-1) dt 

and, second, the rate of change of the valence band hole density 

—dp 
— — = c - d = CppriT - CpPT- (2.2) 

dt 

Therefore the ra te of change in captured electron concentration on the defect 

level, taking an electron t rap as an example, is 

/7T7-yi 

—— = (^a-b) - {c - d) = (cr,n + ep)pT - [cpp -f e^)n2^. (2.3) 
dt 

Noting tha t NT = pr -^ T^T and in the depletion region of a diode the free carrier 

concentrat ion n = p = 0 , the last equation can be simplified to 

driT 

IT = CpNr - (ep + er,)nT. (2.4) 

Equat ion (2.4) is readily solved provided the initial conditions are given. 

Consider the following initial condition. In an n-type depletion region, for t = 0 



n = concentration of electrons in conduction band 

n = concentration of electrons on trap at Ey 

p = concentration of holes in valence band 

n = concentration of holes on traps 

M = concentration of traps 

Figure 2.2: The trap may capture (emit) electrons from (to) the conduction band, 

b (a) or capture (emit) holes from (to) the valence band, C (d). 
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let n r ( 0 ) = AV, i-e., all the t raps are filled with electrons, which can 

experimentally be realized by electrically pulsing the reversed biased diode 

toward zero bias. Then, the solution of equation (2.4) is 

e. nrit) = NT[-^^^— + —^!i-e-(^-+^-)*]. (2.5) 

As s ta ted earlier, for a defect energy level located above the midgap the emission 

ra te for electrons is much greater t han the emission rate for holes, e„ ^ Cp. 

Equat ion (2.5) can be further simplified to 

nrit) = Nre-^-', (2.6) 

where the concentration of the captured holes is 

PT = NT{1 - e-^-'). (2.7) 

Similar solutions exist for defect energy levels in p-type material , i.e., 

PTW = NTe-^-\ (2.8) 

nrit) = NT{1 - e-'^'). (2.9) 

Now the captured carrier concentration has been expressed as a function of 

carrier thermal emission rates, the time and the concentration of defects. In 

order to determine the tempera ture dependence of the thermal emission ra te , we 

define the probability tha t a t rap is occupied by an electron to be P . Using 

Fermi statist ics, 

p ^ : ^ ^ [ l + ,(^T-£.)/fcT]-i_ ^2.10) 
NT 

In equilibrium, the total emission rate must be equal to the total capture ra te at 

any t ime during the collapse of the depletion region, therefore 

e^P = Cr,n{l - P) (2.11) 



or 

e, = c„ne(^^-^^)/^^. (2.12) 

The capture coefficients are given by definition to be 

M P ) ='^ '"nip) > (^nip) (2.13) 

and, by Fermi statistics, the concentration of electrons in the conduction band is 

n = Nce-^^^-^^y^'^. (2.14) 

Substituting equations (2.13) and (2.14) into (2.12) gives 

er.^Nc<v^> a^e-^^c-Er)li.T^ (2.15) 

and by similar arguments 

ep = TVy < Vp > ^pc-^^^-^^)/*^ (2.16) 

where 

Nc— effective density of states at the conduction band edge (CTTI"^) 

Ny— effective density of states at the valence band edge (CTTI"^) 

(Tj{= capture cross section for electrons (CTTI^) 

o'p=capture cross section for holes (CTTI^) 

<.Vn> = average electron thermal velocity {cmsec~^^ 

< Vp > = average hole thermal velocity (cmsec~^) 

k=Boltzmann constant (eV/K) 

and T=temperature (K). 

Further, by replacing in equation (2.15) (or equation (2.16)) the effective 

density of states at the conduction band, Nc (or at the valence band, iVv), and 
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the average electron thermal velocity < Vr, > (or the average hole thermal 

velocity < Vp >) hy 

^civ) = ^ ^ ^ ^ - , (2.17) 

^'^^ n/2 <^nip)>=l——r' (2.18) 

with, for GaAs, m ; = 0.067mo, m^ = O.lSmo and ruo being the free electron 

mass , equation (2.15) or (2.16) becomes 

e 4 T ) = i ( : „ r V „ e - ^ ^ ^ ^ , (2.19) 

^7' —Ey 

with 

ep{T) = KpT'ape—^T^ (2.20) 

For GaAs, Kr, = 2.177 x W^ {cm~'^s-'^K-^). Combining equation (2.19) with 

equat ion (2.6) (or equation (2.20) with equation (2.8)) gives n^ (or px) as a 

function of t ime, temperature , electron (hole) capture cross section and the 

energy level of the t rap with respect to the conduction band edge (or the valence 

band edge). These are the fundamental physics concepts of the DLTS theory 

and are the roots of the following measuring techniques. 

2.2 Junct ion Transient Capacitance 

By monitoring the exponentially decaying t rap concentrations, n j ( i ) , in our 

n- type mater ial , we can tell the defect properties, such as the energy level and 

capture cross section, etc. There are two junction properties which readily allow 

this to be done: junction capacitance and junction current. Here I will only 
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discuss capacitance transient spectroscopy, the original form of DLTS, since only 

this technique has been used in our system. Current transient spectroscopy 

(CTS) can be found in reference [4]. 

The junction capacitance as a function of time is given by 

C{t) = Ae/W{t) (2.22) 

with A being the area of the junction, e being the permittivity of the 

semiconductor, and W(t) being the depletion region width as a function of time. 

With no traps, for a one sided abrupt junction [p'^n^n'^p or Schottky diode as in 

our case) 

W = [ M } ^ i ± Z ) ] i / 2 (2.23) 
QND 

where Vbi is the junction built-in voltage, V is the voltage applied across the 

junction, q is the charge of the electron and ND is the donor doping level. The 

presence of electron traps results in Nj) changing to ND ± nr(<) (plus sign is for 

the minority traps, i.e., the junction capacitance change after a momentarily 

forward pulse is a positive amplitude; minus sign is for the majority traps, i.e., 

the junction capacitance change after a toward-zero pulse is a negative 

amplitude)[4]. In our case, a Schottky diode with n-type material, only majority 

carrier traps n r ( t ) can be detected, even if there are minority carrier traps 

present in the material. Equation (2.22) then becomes 

C{t) = C(oo)[l - ^ 1 ^ / ^ (2.24) 

where 

is the junction capacitance an infinite time after the pulse. As expected, a good 

diode should have a linear relation between C~ and V. 
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Shown in Figure 2.3 is an example of C~^ versus V for the Schottky diode 

made for our experiment. It shows a fair linear relation between them and 

indicates it is a good diode. (Before doing DLTS on a sample, the diode is tested 

first and the appropriate bias voltage is chosen to keep the diode working under 

a linear region.) 

Usually n r ( t ) <C N^- then 

C{t) = C(oc)[l - ^ 1 . (2.26) 

Combining this equation with equation (2.6), equation (2.19) and equation (2.21) 

give the key equations describing the DLTS transient capacitance technique: 

C(i) = C(c^)[l - ^ e - ' / 1 (2.27) 

Wl ith 

l / r =. e„ ( r ) = i ^ „ r V „ e - ^ n ^ 

and 
2(27r)3/23i/2^;fc2 

Therefore at a particular temperature, filled electron traps, due to a 

toward-zero pulse, will empty with a characteristic time constant r . This time 

response can be measured experimentally by monitoring the junction 

capacitance of a Schottky barrier. 

Referring to Figure 2.4 showing the pulsing scheme for a Schottky diode [2], 

the diode is initially reverse biased to voltage VQ with its depletion region depth 

being WQ. The traps in the depletion region are empty because of the high 

electric field. When (t=0) the diode is pulsed to some smaller reverse bias Vi, 

usually close to zero. During this time, the formerly empty traps fill quickly with 
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Figure 2.3: C~^ versus V for the Schottky diode made in our lab. 
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electrons from the doped n-type material. The electrons captured by the traps 

change the charge population in the region under the Schottky barrier thus 

altering the depth of the depletion region from WQ to Wi. At i=ti the voltage is 

returned to VQ. NOW the traps begin to emit their captured electrons according 

to equation (2.19) with a characteristic time constant r at that particular 

temperature. The electrons emitted from the traps to the conduction band 

change the depletion region from Wi back to WQ. All of these changes cause the 

change of the junction capacitance. This transient capacitance can be measured 

by the use of a high frequency (1 MHz) capacitance meter. 

2.3 Defect Energy, Capture Cross Section And Concentration 

As discussed earlier, the purpose of DLTS is to deduce information about the 

defects by learning activation energy, capture cross section and trap 

concentration through monitoring its transient capacitance. This is 

accomplished by scanning the sample temperature and monitoring the 

capacitance transient with a data analyzer. The distinguishing feature of DLTS 

is the concept of the "rate window." The rate window sets the total integration 

period tj\i = 2̂ ~ ^i: for ^^^ cross-correlation between the capacitance signal and 

a known weighting function W(t). The correlation procedure can be considered 

as a filtering operation of the capacitance signal with an output 

FUM) = r C{t)W{t)dt (2.28) 

such that, by a proper choice of W(t), only a transient with the desired time 

constant will produce an output[3]. 

The rate window concept can be implemented by a variety of methods. The 

most popular analyzing method uses the dual-gated signal averager (double 
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boxcar) to sample the transient ampli tude at two different times ti and ^2- The 

difference C{ti) - 0(^3) is the DLTS signal. 

The t imes ti and 2̂ are either set by the instrument 's controls or through the 

da ta processing of the recorded capacitance transients from a computer . These 

t imes, ti and 1̂ 2, produce a resonant response of the system to the transient 

signal, which peaks when the capacitance decay t ime constant equals the boxcar 

t ime constant . As shown in Figure 2.5, if we repetitively apply a filling pulse 

while slowly scanning the sample tempera ture , we get a series of transient 

signals each with different characteristic time constant, r , which is dependent on 

the t empera tu re [ l ] . The difference, C{ti) — C(t2), at both low tempera ture and 

high t empera tu re is very small. When the temperature changes from low to high 

and. therefore, the emission rate, e„ = l/^"? changes from a small value to a 

larger value. The difference, C{ti) — C{t2), will increase to a peak value and then 

decrease to a smaller value again. This peak position of C{ti) — (7(^2) 

corresponds to a part icular defect energy level. The "rate window" can vary 

from less t han a microsecond to several seconds. 

The relation between the peak emission rate e^ = l/^Vnax and the ra te 

window can be derived as follows: 

Let t ing Cd = C{ti) - 0(^2), the condition tha t a r^^ax exists is 

^ = ^ ^ = 0 (2.29) 
dT dr dT ^ ^ 

which is equivalent to ^^^=0 since r as a function of tempera ture has no 

ex t rema with respect to t empera ture (see equation (2.19)). Therefore equat ion 

dCd dlA{e''/^ -e'^/^)] 

dr dr 
= 0 (2.30) 
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CAPACITANCE TRANSIENTS AT VARIOUS TEMPERATURES 

TEMPERATURE 

Figure 2.5: Illustration of how a double boxcar is used to define the rate window. 
The upper part shows the capacitance transients at various temperature. The 
lower part shows the corresponding DLTS signal. 
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with A being a constant given by equation (2.27), gives 

'max — , ; , \ . (2.31) 

By defining f3 = ̂ 2/^1 it can be simplified to 

(3-1 
"Tmax — tl—j—^- (2.32) 

ln(3 

A smaller ratio ^2/^1 improves the signal to noise rat io, whereas a larger ratio 

extends the range of t ime constants that can be interpolated for a max imum 

t ime ^2-

By choosing a different ti and /o r <2 we will have different r^ax''^ with 

different corresponding tempera tures from the DLTS spectra. Changing the rate 

window will shift the position of the DLTS peak in temperature ; a smaller ra te 

window shifting the peak to higher temperature (see figures in next section). We 

can record all these da ta while keeping in mind tha t all these shifted peaks are 

due to only one defect energy level. 

Also we can transform the equation derived from equation (2.19) 

Bf^-Erp 

Tmax = l/en{T) = 1 / {Kr^T'ar.)e-^ 

into 
, Ec - ET 1000 

ln{r^axT') = -HK^a^) + ^^^^^J ^ - (2.33) 

This equation can be graphed as a straight fine, called Arrhenius plot , by 

plot t ing In(rmaxT^) versus 1000/T. The slope of the line {Ec - E T ) / 1 0 0 0 A ; gives 

the defect energy below the conduction band and the y-axis intercept —ln{KnCrn) 

gives its capture cross section. A typical DLTS spectra and Arrhenius plot are 

given in next section. 
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Finally, the concentrat ion of the defect can be calculated as foUows: at t = 0 , 

equation (2.27) can be rewrit ten as 

A C = C(cx.) - C(0) =. C ( c x ) ) - ^ (2.34) 

where C(oo) and C(0) are the capacitance at infinite time and at zero t ime, 

respectively. Equat ion (2.27) can also be expressed as 

C{t) = C(oo) - [C(oo) - C(0)]e-*/^ 

or 

C(t) = C{oc)-ACe-'/\ (2.35) 

Therefore the DLTS peak signal 

Cd/peak = C(ta) - C{t2) = AC(e-*^/"— - e"*^/^—). (2.36) 

Combining equation (2.36) and equation (2.34), the defect concentration NT is 

given by 

^T = " ^ r t . / . ' " ^ ^ . / . (2.37) 

where N^ is the net donor doping density, Cd/peak is the actual peak height of 

the DLTS signal determined from the sensitivity and gain settings of all the 

ins t ruments , C(oo) is the reverse biased steady state junction capacitance and 

Trr,n^ Is glveu by equat ion (2.31). 
' max 

2.4 Digital DLTS System 

The conventional boxcar measuring technique, analog DLTS, as introduced 

above, uses the manual and hardware based energy level and time constant 

extract ion. It requires multiple tempera ture scans to obtain enough points on 
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the Arrhenius plot for a good Hnear fit. In transient digitizing DLTS the use of a 

computer to digitize and store a complete transient at each tempera ture reduces 

the tempera ture scans needed to one. In this case rate windows can be changed 

by software producing many more points for activation energy and capture cross 

section determinations. In addit ion, more sophisticated da ta analysis such as 

curve fitting and t rea tment of multiple exponentials is possible. 

The digital DLTS system shown in Figure 2.6 mainly consists of three 

sections: the sample bias control and capacitance measurement ins t ruments , the 

tempera ture control and measurement section, and the system controller for 

ins t rumenta t ion control and da ta digitizing, storage and analysis. 

The pulse generator delivers, with desired pulse width (fis to ms scale), pulse 

ampl i tude (typically 3 to 5 V) and pulse period [ms scale), the negatively biased 

pulses to the junction capacitor of a Schottky diode through the Boonton 72B 

capacitance meter which does the transient capacitance measurements and 

ou tpu t s them to the HP 3458A digital multimeter to be digitized. 

The pulse generator is triggered by the reference signal in order to be 

synchronized with the digital meter which receives the analog output of the 

capacitance meter and sends the digitized results to the desk computer H"' 

9000/300 to be stored and analyzed. The oscilloscope, also triggered by the 

reference signal, is used to monitor the pulses and the corresponding transient 

capacitance curves. The tempera ture of the sample sitting inside the vacuum 

chamber is controlled by the tempera ture controller LakeShore DRC-91C 

through a heater under the sample and is measured either by the t empera tu re 

controller itself through a silicon diode sensor or by another digital meter 
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Figure 2.6: Digital DLTS system. 
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th rough a p la t inum resistor fed by a constant current source. The digitized 

t empera tu re readings of either of them are sent to the computer also. 

The computer , which controls the entire measurement process and da ta 

processing, is interfaced with all of the digital instruments through the HP-IB 

(IEEE-488) bus. The computer programs the digital meter HP 3458A for the 

desired delay times and number of readings for each curve. It controls the digital 

mete r to start digitizing each capacitance transient curve with a specified 

number of readings (normally 100 to 200 points for each curve) and with a 

specified t ime between two readings (normally 0.1 to 0.5 ms) at either the rising 

edge or the falHng edge of each corresponding pulse which ranges from 

microseconds to milHseconds apar t . During each temperature reading the 

computer repeatedly asks the digital meter to perform this same task for 

normally 30 to 100 times, assuming the temperature change during these 

milHseconds is negligible, then averages all these transient curves and stores the 

average with the appropriate tempera ture . Depending on the pulse frequency 

and t empera tu re change rate the number of reading points for each curve, the 

t ime between two readings and the number of curves at each tempera ture can be 

more or less. Although sometimes longer periods and therefore longer measuring 

t imes can bring be t te r transient curves, the entire curve reading and averaging 

t ime for one tempera ture should be short enough to ensure tha t the t empera tu re 

change during this period is not too big to affect the measurement accuracy. 

Figure 2.7 gives a typical transient capacitance curve with typical instrument 

pa rame te r settings. Figure 2.8 il lustrates how the capacitance transient curve 

change with the tempera ture . 
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After one tempera ture scan we now have a whole series of capacitance 

t ransient curves and their corresponding temperatures , both of which are stored 

in the computer. We can now perform the boxcar analysis through the software. 

In order to keep the DLTS curve smooth the following method is used: first by 

recalling each curve and smoothing it by averaging every point with the nearest 

six points: second by choosing ti and 2̂ settings and performing asynthetic 

boxcar analysis on each transient to form a DLTS curve; and finally by 

smoothing the resulting DLTS curve through averaging its every point with the 

nearest six points of that point. From the final DLTS curve the tempera ture , 

Tmax: corresponding to the peak position of the curve will be picked out . 

Combining this Tmax with the Tmax calculated from ti and 2̂ we have one pair of 

d a t a for the Arrhenius plot. By choosing ELS many ^i and 2̂ settings as possible 

we can have many pairs of T^ax ^md T^ax which are needed for the Arrhenius 

plot. The least-squares fitting has been used in the Arrhenius plot. See Figure 

2.9 and Figure 2.10 for typical DLTS spectra and Arrhenius plot. 
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Figure 2.9: DLTS spectra of a GaAs sample. The 15 curves correspond to 15 
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C H A P T E R III 

UNIAXIAL STRESS 

Deep level transient spectroscopy has become extremely useful in 

determining the thermal emission properties of the defects and the activation 

energy of the defects in most semiconductor materials under the conditions not 

always appropr ia te to perform electron paramagnetic resonance (EPR) , which is 

the s tandard technique to gain microscopic information on defects. 

L nfortunately. while defect identification also requires the defect s t ructure be 

known, DLTS provides no microscopic information about the structure of the 

defects. " 'Perturbation" spectroscopy is a general term that denotes the use of a 

mechanism or effect for controUably perturbing the properties of a defect as a 

means to its characterization or identification in a spectroscopic measurement. 

As an example of per tu rba t ion spectroscopy for electronic defect identification, 

uniaxial stress is used to remove the orientational degeneracy of a defect as a 

means to identifying its symmetry. By applying uniaxial stress to the diodes 

during a s tandard DLTS measurement , we can determine the defect symmetry 

with certainty. 

A brief discussion of uniaxial stress theory and a description of the stress 

appa ra tus will be given in this chapter. 

28 
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3.1 Uniaxial Stress Theory [6,7] 

T h e characterist ic property of the various defects which have noncubic 

symmetry in cubic crystals, i.e., the anisotropic centers, is due to the existence 

m the lat t ice of several groups of centers of differing orientations. This 

anisotropy of the center could be caused by anisotropy in the s t ructure of the 

center itself, which occupies several lattice sites (such as multiple vacancies or a 

system consisting of an impurity ion and an adjacent defect, etc.) , or by 

anisotropy associated with its position (such as a foreign atom at an interstit ial 

site; an impuri ty a tom or a vacancy on a lattice site which lacks cubic point 

symmetry, etc .) . They are oriented in a cubic lattice along axes of symmetry of 

one order or another . Because of the equally probable distribution of the centers 

about the several axes of symmetry of a specific order, the micro-anisotropy of 

the centers is found to be averaged out and concealed in the macroscopic 

propert ies of cubic crystals connected with the presence of the centers. In order 

to expose the hidden anisotropic centers, it is necessary to use some anisotropic 

influences which have different effects on the groups of centers oriented along the 

different axes of a given order. As one of these anisotropic influences, the 

uti l ization of uniaxial elastic compression of a crystal seems possible. Because 

the direction in which the uniaxial stress P applies forms different angles with 

the several axes of anisotropic centers, the effects of this elastic displacement in 

the region of the centers will differ for these groups of centers. Since the energy 

s t a te of the centers depends essentially on their interactions with the lat t ice, it is 

na tu ra l to assume tha t the elastic deformation in the lattice causes some shift of 

the energy levels of the centers. Since the centers are disposed differently with 
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respect to the P axis, the shift of the level will generally be different for different 

groups of centers. Therefore, elastic uniaxial compression of a cubic crystal , in 

prmciple, removes the orientation degeneracy of the energy levels of anisotropic 

centers oriented along several axes, which leads, aside from a shift, to a splitting 

of the levels of the individual centers. The magnitudes and the number of 

spHttings can yield the information about the symmetry of the centers. However, 

this conclusion only indicates the principle possibility for studying the influence 

of the elastic deformation by uniaxial compression as a method of investigating 

anisotropic centers in cubic crystals. The practical possibihty of applying this 

me thod depends on obtaining sufficient resolution of the structure of the spHt 

bands , having a system of levels sensitive to small electronic deformation of the 

crystal lattice and having the mechanical properties which allow the creation of 

sufficient elastic distortion in the sample. This will be known only through 

experimental means. 

Centers of different symmetry are conveniently categorized by the same 

s tandard as the crystallographic symmetry groups are divided into systems. In 

cubic crystals, centers of five symmetry systems are possible, as shown in Figure 

3.1 (we restrict ourselves to cubic crystals with four axes, i.e.. Oh and Td classes, 

which are the most common among the cubic crystals studied in physics) : 

(1) Tetragonal centers are characterized by one rotat ional symmetry axis of 

the fourth order, C4, which coincides with the < 100 > direction. 

(2) Trigonal centers have one rotational axis of the third order, C3, which 

coincides with the < 111 > direction. 

(3) Rhombic centers have two possible types of positions. Type I has a 

symmetry axis of the second order, (72, which coincides with the [110] direction 
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(f) 

Monoclinic II 

Figure 3.1: Defect symmetry types from A. A. Kaplyanskii [6]. Triclinic is not 
shown. The defect symmetry is determined by its principle symmetry axes and 
may not have the same shape as above. 
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together with two other perpendicular axes C'^ and C'^ pointing in [110] and 

[001] (or with two symmetry planes a^ and a^ which coincide with the planes 

(110) and (001) ). Type II has a C2 axis which coincides with the [100] direction, 

and C2 and C^ with [010] and [100] (or a^ and a^ coincide with the planes (010) 

and (100) ). 

(4) Monoclinic centers also have two possible types of positions. Type I has a 

C2 axis which coincides with < 110 > or <7/i with (110). Type II has a C2 axis 

which coincides with < 100 > OT ah with (100). 

(5) Triclinic centers have neither symmetry axes nor symmetry planes. 

The seven types of centers described above: tetragonal, trigonal, rhombic I 

and II, monochnic I and II, and triclinic, exhaust the possible types of centers in 

cubic crystals. 

The multiplicity of the orientation degeneracy of the center gives the number 

of possible positions of the center which differ in orientation. For the 

piezospectroscopic phenomenon, this number is important . As shown in Figure 

3.1, there are three equivalent orientations for the tetragonal centers, four for 

tr igonal centers, six for rhombic I or II centers, twelve for monoclinic I or II 

centers and twenty-four for triclinic centers. 

If it is assumed tha t the displacements of the levels of the centers are linear 

functions of the stress components in a uniformly deformed lattice, the energy 

level shift of these defect centers under stress can be expressed as, 

A = A x̂CTxx + AyyO-yy + A^^a^:, + 2A^ya^y + 2Ay^ay;, + 2A^a:0"zx (3.1) 

where A is the energy level shift; A are constant coefficients linking the scalar A 

with the tensor a and, therefore, can be considered as a symmetric 

"piezospectroscopic" tensor of the second rank; a is the stress, the subscript xx 
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stands for that a force is applied in the x direction on a surface whose area is 

oriented in the x direction (normal stress) and xy stands for that a force is 

applied in the x direction on a surface whose area is oriented in the y direction 

(shear stress). 

The piezospectroscopic tensor for all the seven symmetry groups can be 

found from Figure 3.1. Taking the trigonal symmetry C3 as an example, since it 

has a three fold symmetry axis along one of the < H I > directions we have 

Ai = A^^ = Ayy = A,, and A2 = A^ = Ay, = A,^. Because it has only four 

equivalent orientations, i.e., [ I l l ] , [111], [111] and [111] we have 

1 
A[iii] = 

Ai A2 A: 

A2 Ai A2 

A2 A2 Ai 

A[ui] = 

Ai Ao -A, 

A2 Ai 

-A, A, 

A[ui] = 

Ai -A2 A; 

-A2 Ai -A A[iii] = 

A2 -A2 Ai 

By using equation (3.1) we then have 

Ai A: 

Ai 

-A2 -A2 Ai 

(3.2) 

A f n i l = McTxx + M(yyy + M(yzz + 2^20-^^ + 2A2(Ty^ + 2A2(T,^ 

^[111] = AiO-a^x + AxCTyy + AxCT,:, - 2A2(Txy + 2 ^ 2 0 " ^ ^ " 2A2(T,a: 

(3.3) 
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A[iii] = Aia^^ -r Ai(Tyy -f Aia,, - 2A2(T^y - 2A2(Jy, -f- 2^20-, 

ZX' A[in] = Aio-^^ + Aio-yy + A^(j,, + 2^20-^^ - 2A20-j^^ - 2^20", 

Therefore the discussion follows ZLS: 

1) When under no stress ( c = 0), 

A[ni^ = A-iii] = Arni] = Ajni] = 0. (3.4) 

We see no energy shift at all. All four orientations are equally probable and we 

see a single peak. 

2) When stressed in the [100] direction, with the magnitude of the applied 

compressive force being -P {(T;,^ = -P, (Tyy = (T,, = a^y ^ o-y, = a,^ = 0), 

A[iii] = A[in] = A[ni] = A^ni] = -PA^. (3.5) 

Under < 100 > uniaxial stress we see no energy level splitting or tha t the whole 

peak shifts its position compared with the no stress energy level since all four 

orientat ions give the same energy shift. 

3) When stressed in the [111] direction 

{a^x = CTyy = <^ zz = ^xy — ^yz — ^zx = ~P/3), 

A[in] = - P ( A i + 2 A 2 ) , 

(3.6) 

A[iii] = A[ni] - Afiii] = -P{Ai - 2/3A2). 

Under < 111 > uniaxial stress we see an energy level splitting of 1 : 3 or tha t a 

single peak splits into two peaks with a rat io of 1 : 3. 
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4) When stressed in the [110] direction {a^^ = ayy = a,, = - P / 2 , 

O'xy = O-y, = CT^x = 0 ) , 

A[iii] = A[ni] = - P ( A i + A2), 

(3.7) 

A[iii] = A[iii] = - P ( A i - A2). 

Under < 110 > uniaxial stress we see an energy level splitting of 2 : 2 or tha t a 

single peak splits into two peaks with a ratio of 2 : 2. 

Similar results can be obtained for the other six defect symmetry groups. 

Shown in Table 3.1, Kaplyanskii [6] has systematically included all seven 

possible defect symmetry groups, all their possible ratios of the peak height 

splitt ings (to the left in each column) and the magnitudes of the energy level 

shift per unit stress given by the Hnear combination of the Ai piezospectroscopic 

coefficients ( to the right in each column). Therefore by knowing the ratios of the 

peak height splitt ings with the corresponding directions in which the forces are 

apphed we can tell the symmetry of the defect with certainty. 

3.2 Uniaxial Stress Appara tus 

This device was designed to apply a force up to several thousand Newtons to 

a sample with its cross-sectional area being at millimeter square scale in order to 

have giga-pascal scale pressure on a sample. Such a high pressure is necessary to 

make the defect energy level shift large enough to be detected by DLTS. To keep 

the semiconductor crystal under such a high pressure without damaging it makes 

building this device very difficult. The force applied to a sample must be well 

known, particularly in its direction since any slight deviation from the desired 
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Table 3.1: Piezospectroscopic splitting table excerpted from A. A. Kaplyansbi 

16]. 

symmetry P II <100> Pll <111> | |<110> 

t e c r a g o n a l 1 Ai 

2 An 

3 V3(Aj^+2A2) 2 V^AjL+A^) 

1 Ao 

c r l g o n a l A A, L Aĵ +2A2 

3 A^- /3A2 

2 Aĵ +A2 

2 A^-A2 

rhombic I A A^ 

2 A, 

3 ^/3(A^+2A2+2A3) 

3 ^/3(Aj^+2A2-2A3) 

1 A2+A3 

A V^A3^+A2) 

1 A2-A3 

rhombic I I 2 Ai 

2 Aj 

2 An 

6 V3(Aj^+A2+A3) 2 V^A3^+A2) 

2 V^A^+A3) 

2 V^A2+A3) 

Qonoclinic I 3 A2 

A A, 

2 AO+AT 6 V3(Aj^+2A2+2A3) .. ^^2' 

3 V3(A^+2A2-2A3-AA^,) A V^A^+A2-2.\^) 

3 V3(Ai+2A2-2A3+AA^) A V^A^+A2+2A^) 

2 A2-A3 

m o n o c l i n i c I I A A^ 

A A2 

A An 

6 V3(A^+A2+A3+2A^) 

6 V3(Aj^+A2+A3-2.\^) 

A V^A^+A2) 

A V:(A^+A3) 

2 V:^A2+A3+2A^) 

2 ^/i^2+^y^^l^) 

t r i c l i n i c 8 A^ 6 V3(A3^+A2+A3+2A;^ 

+2A5+2A^) 

8 A2 6 ^/3(A^+A2+A3-2A^ 

+2A3-2A(^) 

0 A3 6 ^/3(A^+A2+A3-2A^ 

-2A5+2A^) 

6 V3(Aj^+A2+A3+2A^^ 

-2A^-2A^.) 

A V^A^+A2+2A^) 

A V:iA3^+A2-2A^) 

A V^A^+.\3+2A^) 

A V^A^+A3-2A(^) 

A V^AjL+A3+2A3) 

A V^Aj^4-A3-2A3) 
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direction will crush the minisized sample into thousands of pieces. Apparently, 

the device itself has to be mechanically very stable under large forces. The 

finished uniaxial stress appara tus is displayed in Figure 3.2. The following 

discussion deals with the drawing. 

The large force and the mechanical stability of the device are realized by 

solidly fixing a compound lever with a mechanical advantage of 48 to the base 

pla te . T h e compound lever consists of two arms. The upper arm, lin x Izn, is 

connected to the lower arm, 2in x 2m, through a pair of joint rod ends. Both 

the upper arm and lower a rm are also supported through joint rod ends 

connected to a post , which is fixed on the base plate, with lin diameter and 2in 

diameter , respectively. The upper arm with its mechanical advantage of 12 is 

made of aluminum since it experiences relatively smaller forces compared with 

the lower a rm which is made of iron and has double the size of the upper arm 

and has a mechanical advantage of 4. Since these two arms have non-negligible 

weight themselves the compound lever tends to exert some forces on the sample 

even without external force applied. To prevent this undefined weight adding to 

the force on the sample, a counterweight is hung on the end of the lower a rm to 

approximately keep the arms in balance when no external force is applied. 

T h e direction of the applied force and the shape of a sample are the two most 

impor t an t factors concerning the success of this experiment. The direction of the 

force t ha t the sample experiences has to be almost perfectly parallel to the long 

axis of a sample crystal with a rectangular shaped cube. As I will discuss later , 

t he shape of a sample has to be very carefully prepared to ensure tha t the two 

surfaces on which the force is applied are exactly parallel and each of the other 

four surfaces is exactly rectangular . Two techniques have been used to ensure 
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Figure 3.2: Uniaxial Stress Apparatus. 
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this well defined force direction. Referring to Figure 3.2, first, we let a steel rod, 

which is going to exert the force directly on the sample, go through a vertically 

installed sleeve bearing, which in tu rn is installed into a soHd aluminum bridge 

fixed on to the base plate. Since the sleeve bearing which is soHdly and vertically 

fixed has the same diameter as the steel rod, it will force the steel rod to move 

only vertically. Second, on the other end of the steel rod a steel ball is very 

tightly pressed in, with half of the ball staying outside. 

This ball therefore always has the tangential contact with the adjustable bolt 

which is oriented vertically through the end of the lower arm. The surface of the 

bolt with which the ball makes contact should be fiat and smooth to insure the 

tangent ia l contact. Because the horizontal movement is disastrous to the 

minisized sample, the tangential contact will prevent the steel rod from moving 

horizontally since when a force is applied to the upper arm, the end of the lower 

a rm connected with the upper arm tends to go up while the other end with the 

adjustable bolt tends to go down and the bolt will apparently move both 

vertically and horizontally. The above two tricks are crucial to the success of this 

experiment . In order to keep the steel rod from falHng freely through the sleeve 

bearing, a pair of small springs is at tached to the bolt with two small screws in 

it and to the steel rod with an Q shaped handle soldered on it. By making the 

bolt adjustable, i.e., t ightening or loosening the bolt , we can effectively adjust 

the position of the steel rod as the height of the samples varies. 

T h e sample sits on a platform made of iron which in turn is supported by a 

stainless-steel tube s tanding on the base plate. Since the DLTS experiment is 

conducted at variable t empera tu re , and in our case the tempera ture will be from 

room tempera ture up to about 450 K, a 25 watt heater with its length being the 
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same as the diameter of the iron platform is inserted into the middle of the 

platform and a silicon temperature sensor is attached by varnish on the side of 

the platform. The reason for using iron to make this platform is that iron has 

good thermal conductivity and therefore the temperature variance between the 

sample and the platform is minimum. The reason for using stainless-steel to 

make the support tube is that stainless-steel has poor thermal conductivity and 

the tube has a smaller contact area with both the platform and the base plate 

and, therefore, the temperature variance between the platform and the tube, 

which could dissipate the thermal energy by sending it to the whole device 

through the base plate, is maximum. In other words, the stainless-steel tube 

effectively acts as a thermal insulator between the heater and the rest of the 

device. By the same token, a sapphire disk is attached to the end of the steel 

rod, it is a good thermal insulator and its hardness can stand very high pressure 

also. In order to keep the surface of the sapphire disk parallel to the sample's 

surface to which a force is going to be exerted, an indentation is made on the 

end of the steel rod and the sapphire disk is pushed into it with a thin layer of 

indium inserted in between so that when a force is applied the indium layer will 

flow and deform and therefore force the disk to move its surface to be parallel to 

the sample's surface. Besides, the indium foil can also serve as a shock absorber 

when the stress is initially applied since if without any absorbers the force is not 

apphed carefully it could shear the crystal into many pieces. After many trials it 

is found that , in addition to the indium foil, putting one piece of cardboard on 

each end of the sample will more eff"ectively absorb the initial applied force and 

the sample apparently can stand higher pressure. But since the indium is too 

soft and tends to melt at high temperature and therefore can also sometime 
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cause electrical noise by touching the gold wires which are the electrical leads 

a t t ached to the sample. A piece of cardboard wrapped with lead foil has been 

used to prevent this problem. Lead foil has good thermal conductivity and a 

high melt ing point . A piece of mica is placed on the surface of the platform to 

prevent the electrical leads of the sample from touching the platform and 

result ing in grounding of the electrical signals. 

T h e above whole device is put inside a vacuum chamber with a removable 

top cover. The first purpose of the vacuum chamber is to largely reduce the heat 

dissipation to the air so that only the sample having the direct contact with the 

heater can absorb the thermal energy. The second is that this larger metal 

vacuum chamber can also electrically shield the various electromagnetic noise 

existing in the air as the experiment shows that with or without the vacuum 

chamber it makes a big difference in the electrical signals. 

There are three electrical connections to the outside world all of which are 

through flanges on the b o t t o m of the vacuum chamber. The power supply to the 

heater inside the iron platform is fed from the LakeShore tempera ture controller 

through two terminals on a flange. The silicon tempera ture sensor is also 

connected to the t empera tu re controller through another flange. The electrical 

leads of the Schottky diodes on the sample are connected to the Boonton high 

frequency capacitance meter through the third flange. Another two connections 

to the outside are the vacuum pumpout valve and the weight hanger. The 

p u m p o u t valve is installed on the b o t t o m of the chamber and it connects to a 

Varian vacuum pump which pumps out the air from the inside of the chamber. 

The installation of the weight hanger is a little bit tricky. The long 

stainless-steel rod connecting the upper a rm and the weight hanger has to be 
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free to move when a weight is added on the weight hanger. A feed-through with 

a small 0 - r ing inside is screwed on to the bot tom of the chamber. The long 

stainless-steel rod can therefore go through this feed-through. The lower par t of 

the feed-through can be screwed loose enough to let the stainless-steel rod move 

freely and at the same time tight enough to prevent the air leakage through it 

(The small 0 - r ing inside is very impor tan t ) . Although high vacuum may not be 

pract ical , the vacuum we have obtained is good enough for our experiment since 

its main purpose is to keep the heat dissipating to the air. The weight hanger 

can be screwed onto or off of the stainless-steel rod by a pin vise, in case we need 

to replace the stainless-steel rod as it can be very easily bent. The end of the 

stainless-steel rod is shaped such that the weight hanger can be screwed on tight 

enough to s tand up to 50 kg without breaking the connection between the pin 

vise and the stainless-steel rod. 



C H A P T E R IV 

T H E E X P E R I M E N T 

The uniaxial stress apparatus is originally designed to be used to determine 

the symmetry of EL2 center in GaAs crystal, a well-known defect center but its 

physico-chemico origin is still under investigations. As we discussed earlier, to 

determine the symmetry of a defect we need to stress a sample in three 

directions, i.e.. [100], [110] and [111]. However, since the main purpose of my 

work is to make the uniajcial stress appara tus and DLTS system work, at this 

stage I have only tried to stress a sample in the [100] direction. By doing this it 

is enough to demonstra te that this uniaxial stress device can be further used to 

fully investigate the origin of EL2. In this chapter, a brief introduction of the 

EL2 background will be given flrst. Some experimental procedures and some 

initial results will be given next. 

4.1 EL2 In GaAs 

EL2 is an impor tant mid-gap deep level defect center in GaAs crystals, since 

EL2 has an energy level at Ec - 0.75 eV to 0.85 eV while the energy gap of 

GaAs is about 1.4 eV. Because it sits in the middle of the gap, it acts as a 

recombinat ion pathway for the free carriers and compensates the free carriers in 

undoped or lightly doped materials. Therefore it is very much responsible for the 

semi-insulating property which has been widely used to make substrates for IC 

circuits in industry. EL2 is very useful to reduce the time of a fast switch, while, 

on the other hand, it may limit device performance by limiting carrier lifetime. 

43 
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Fully unders tanding its s tructure will certainly help people to make bet ter use of 

this mater ial . However, although after decades of research some of its properties 

have been revealed its complete physical and chemical picture is still not known. 

Some experimentally estabhshed properties are summarized below. 

1) The stable s tate of EL2 has a deep level at ^c -0 .75 to 0.85 eV. 

2) EL2 centers are electrically neutral when occupied by electrons and are 

positively charged when releasing these electrons. It is a deep electron donor. 

3) EL2 is a native point defect, which means it is either a substi tut ional 

impuri ty (antisi te) . an interstitial defect, a vacancy, or a complex. 

4) EL2 can be optically bleached into a metastable state which is electrically 

and optically inactive. The stable state can be thermally regenerated from the 

metas tab le s ta te by heating above 140 K. 

5) One of the models of the EL2 structure has been proposed to be an 

arsenic antisite and arsenic interstitial pair [Asca — Asi). Many previous 

experiments such as electron paramagnet ic resonance (EPR) [8], optically 

detected electron-nuclear double resonance (ODENDOR) [9], DLTS combined 

with electric field [10] and uniaxial stress (200 MPa) with photocapacitance 

quenching [11] have partially confirmed this s t ructure and found its symmetry is 

(Csv) trigonal with an Asi being about two bond lengths away from an Asca 

along the < 111 > direction. 

6) Other people have proposed its s t ructure being the isolated Asca- Some 

theoretical works [12,13] have showed their results confhcting with the 

AsGa "~ Asi model and also showed this model has a full Td symmetry. 

7) Still many other modes are being proposed now, such as an arsenic 

antisite-divacancy complex. 
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By using uniaxial stress and DLTS we may confirm one of these models or 

propose our models and make some contributions to this world wide a t tempt at 

determining the s t ructure of EL2. 

4.2 Sample Preparat ion 

The gallium arsenide samples used in our lab are n-type Hquid encapsulation 

Czochralski grown single crystals. The boule is 2in diameter and lin long with 

its length direction being the [100] direction. Its sihcon doping density is about 

10 "̂  cm~ . The boule is first cut into pieces, using the diamond saw, with the 

size about 3 m m x 10mm x 25mm and with the 25mm direction being the [100] 

direction in which the sample will be stressed. The six surfaces of each of these 

pieces are lapped until the surfaces are exceedingly fiat and parallel. The lapping 

is accomplished by, first, using wax put t ing each piece on the end of a right 

cylindrical plug free to rotate in an annular disk and, second, moving this disk 

and plug with the sample on on a plate of glass with a layer of alumina powder 

(grit) mixed with water. It is this mixture which takes off the GaAs. In order to 

have a well-poHshed surface, this process is repeated for a number of grits with 

the size of 12fim, 5fim, 0.5/Ltm and 0.3/x77i, respectively. These pieces then are 

cut into smaller blocks of the size of 1.5mm x 2.2mm x 7mm with the 7m77i 

direction being the [100] direction. The above lapping process is then repeated 

for the jus t cut surfaces. The sharp corners of each sample are now lapped to be 

rounded since sharp edges will concentrate strain and crack easily. The whole 

process must be handled with extreme care to make sure the samples have 

almost perfect rectangular shapes. 

T h e sample then must be rinsed in distilled water, methanol , acetone and 

t r ichlore thylene(TCE). The order of rinses in this procedure is distilled water. 
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methanol , acetone, trichlorethylene, acetone, methanol, and distilled water. A 

water rinse is to wash off the grit or to dilute any chemical substances on the 

silicon surface. Trichlorethylene must be used to remove grease and fingerprints. 

Acetone is to remove either water or trichlorethylene since water and 

trichlorethylene will form a polymer when mixed. Methanol also acts as a 

cleaner to remove any other dirt before and after using trichlorethylene. This 

procedure is necessary immediately before etching the sample. 

In order to make diodes on the GaAs surface and to remove any surface 

strains induced by the lapping process, the GaAs blocks must be etched to have 

very shiny surfaces. The etchant is 50% hydrogen peroxide (30% H2O2), 25% 

a m m o n i u m hydroxide (30% NH4OH) and 25% distilled water (^^20). After the 

surfaces are shiny enough, remove the samples from the etchant to distilled 

water to stop etching. The etching process usually takes about 4 minutes for 

each sample. This process is also very important in order to make good diodes. 

Since DLTS experiments require a diode and the simplest diode is a Schottky 

diode, Schottky diodes are deposited on the etched GaAs sample surfaces (other 

t h a n the ones on which the stress are apphed) by evaporating gold dots with 

about 0 .7mm diameter on them. This process is conducted in a high vacuum 

evaporator in which the GaAs samples sit on a metal mask with holes in it. At 

least two diodes are made on one sample to form a pair of back-to-back diodes so 

t h a t any t ime during the experiment there is always a reverse biased diode 

forming the depletion region required for DLTS and a forward biased diode 

serving as a conducting back contact . 

Finally, in order to have electrical measurements, the leads are to be put on 

the Schottky diodes. The leads are 1 mil gold wires with high flexibility, and 
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therefore, will not pull the diode off the surface. With silver epoxy which is 

electrically conductive, the gold wire is at tached to a diode on one end and may 

be a t tached to a piece of thicker aluminum wire on the other end because the 

a luminum wire sometimes is easier to be soldered to have electrical contact (1 

mil gold wire tends to melt before it can be soldered). The sample leads can 

then be flrmly at tached by anneahng it at 200 C for about an hour. As 

meinioned earher, in order to select a diode as a sample the Hnearity of the 

capaci tance is tested first by doing C-V measurement. If a sample is found not 

linear, another sample has to be tried. 

4.3 Experimental Results And Discussion 

The sample was put in between two pieces of cardboard as shock absorbers, 

wi th the b o t t o m cardboard wrapped with a piece of lead foil to keep the sample 

having be t te r thermal contact with the heater. The indium foil also has been 

tr ied, but it was melted at high tempera ture while the lead foil was not. The top 

cardboard was not wrapped with any foil in order to prevent the heat energy 

dissipating to the rest of the device. After electrically connecting the sample to 

the capaci tance meter, the removable vacuum chamber top was put on and the 

chamber was then pumped to about 30 microns of mercury. The sample then 

was stressed in the [100] direction under 0.0 GPa, 0.15 GPa, 0.225 GPa and 0.3 

G P a , respectively and DLTS measurement was conducted at each of these 

pressures with the tempera ture changing from room tempera ture to about 440 

K. The t empera tu re change rate has been kept at about 0.03 K to 0.04 K per 

second. The pressure is simply calculated according to the added weight, 

mechanical advantage of the lever and the area of the sample being stressed. In 
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order to see the stress effects better , the same sample has been used to undergo 

these pressures while it is electrically measured. 

The results are shown in Figure 4.1, Figure 4.2, Figure 4.3 and Figure 4.4. 

Figure 4.1 shows the four DLTS spectra corresponding to four different 

pressures but with the same rate windows in each case. We found under stressed 

condition, generally, the height of the peak is lower and the width of the peak is 

wider. W ê also see a smaller peak at higher tempera ture region at only smaller 

ra te windows. 

Figure 4.2 shows the corresponding four Arrhenius plots for the four different 

pressures. It clearly indicates an increase of energy level under increased 

pressures. The energy level changes from Ec ~ 0.868 eV to 0.958 eV to 0.972 eV 

to 1.07 eV as the pressure changes from 0.0 GPa to 0.15 GPa to 0.225 G P a to 

0.3 GPa . 

Figure 4.3 puts all four DLTS spectra in one picture with only one same rate 

window. It shows tha t the height of the peaks decreases when the sample is 

under stress, then, however, increases when pressure changes from 0.15 GPa to 

0.3 GPa and tha t the full width at half maximum (FWHM) of the curves 

increases when pressure changes from 0.0 G P a to 0.3 GPa. 

Also, in Figure 4.4 in which a larger ra te window ( r = 15.838 7715) is chosen 

the smaller peak at the higher tempera ture region appears less visible than in 

Figure 4.3 in which a smaller rate window is chosen ( r = 4.369 7715). The 

F W H M when a larger rate window is chosen remain almost the same for each 

different pressure. 
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Figure 4.1: DLTS spectra for a sample under 0.0 GPa, 0.15 GPa, 0.225 GPa and 

0.3 GPa pressures. The same rate windows and the same sample have been used 

for each pressure. 
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Figure 4.3: DLTS signal under various pressures (I), with a smaller rate window. 

Note the change of the peak height and the increase of the FWHM. 
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In order to clarify the doubt that the calculated energy level shift is indeed 

because of the applied pressure and not because of the calculation errors caused 

by the smaller peak, which could move the peak temperature of the larger peak 

from its real value, an approximation energy level calculation method has been 

tr ied. 

When the t empera tu re is relatively far away from the peak tempera tu re , the 

influence of the smaller peak can be neglected and if the energy level can be 

calculated in tha t region it certainly will be less affected by the smaller peak. 

We know from Chapter II that 

C(t) = C(oo)[l - ^ e - ' / l . (4.1) 

At lower t empera tu re the emission rate e„ is very small, i.e., t < r , the above 

equat ion can be approximated by 

c(0 = CMU - ̂ ( 1 - J)]. (4.2) 

Therefore the DLTS signal is 

Cd = c[t,) - C[t2) = - ^ ^ - y - (4-^) 

W i t h l / r = KnT^o-ne'^^^^ and expressing the above equation into log-scale, 

we have the Arrhenius equation 

gi = ln[^^^{t. - <.)if„c.„l - (Ec - Er)^. (4.4) In-
T2 ' 2ND 

The slope of ln{Cd/T^) vs. 1/kT plot will give the energy level and its 

y-intercept will give the information about the defect concentration and the 

cap ture cross section. Figure 4.5 displays the results of this method. The 
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t empera tu re range has been chosen to be away from the peak tempera ture and 

to ensure a good least-squares fitting. Many pairs of t^ and 2̂ (or many ra te 

wmdows) can be chosen provided that the ratio of t/r is small enough so tha t 

this approximation method is vaHd. Two pairs of ti and 2̂ are used in Figure 4.5 

and the rat io of t/r is from 0.012 to 0.086 with the r calculated by using the 

energy level and capture cross section obtained in Figure 2.10. Figure 4.5 does 

show tha t the energy level is increasingly shifted as the pressure increases. 

Because of the errors which are probably caused by either this approximation 

me thod or the influence of the smaller peak in Figure 4.1, the values of the 

energy level from Figure 4.5 do not well agree with the results obtained from 

Figure 4.1 and Figure 4.2. But it is the relative energy level shift which gives the 

information about the effects of the uniaxial stress to the defect. 

We therefore can draw the following conclusions: 

1) The energy level of EL2 has apparently been shifted when the sample is 

stressed in the [100] direction. The amount of shift increases with the pressure 

apphed. The higher the pressure, the larger the energy level shift. 

2) The decrease of the peak height when the sample is stressed indicates tha t 

there may be some energy level spUts together with their shifts. The defect 

center which under no stress gives only one peak, i.e., one energy level, may 

under stress split into at least two centers of which the energy levels are too 

close to be detected separately. It therefore causes the peak height decrease. The 

small peak appearing at high tempera ture may well be the split one (see 5 

below). 

3) The increase of the peak height as the pressure increases from 0.15 G P a to 

0.3 G P a can probably be explained as that among the at least two split centers 
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one of t h e m may shift more than the other as the pressure increases. The 

different responses to the strain are caused by the different defect s tructures. 

4) The increase of the F W H M is also consistent with the above conclusions. 

1 he center is split more and more when the sample is under higher and higher 

pressure and. therefore, the width gets wider and wider. 

5) The reason tha t the smaller peak, appearing at the higher tempera ture , is 

visible only at a smaller rate window is tha t this shifted center has a larger 

thermal emission rate , i.e., a smaller r , and it can only be detected when we look 

at the beginning region of the capacitance transients , i.e., the region right after 

the pulse. When a larger ra te window is used the smaller peak is not detected 

(al though it is still there) and the F W H M remains the same as tha t of no stress 

condition, as shown in Figure 4.4. However, the height of the larger peak will 

still behave according to 2 and 3 above. 

Finally, a l though the above results are only the very initial ones at the 

current stage of our experiment, it clearly demonstrates that the uniaxial stress 

appa ra tus does produce some effect to the EL2 defect center. The conclusions 

may be p remature , we have, however, certainly confirmed that we can use this 

device to further s tudy the EL2 symmetry. The samples need to be stressed in 

the [110] and [111] directions later in order to know the full picture of the EL2. 

Making an ohmic contact with a sample instead of a pair of back-to-back 

Schottky diodes may improve the electrical characteristics of the capacitance 

t ransients , especially in the high tempera ture region where sometimes the 

capacitance of the diode does not behave as expected. The errors caused by the 

lack of knowing the real sample tempera ture can be further reduced by replacing 

the sihcon diode tempera ture sensor by the p la t inum resistor t empera ture sensor 
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which gives more accurate readings. A more careful control of the shape of a 

sample and the experimental procedures will also be very impor tant to let the 

sample s tand higher pressure, which could result in a bet ter resolution of the 

possible energy level spHttings. 
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