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ABSTRACT 

Optical measurements, mainl> Raman spectroscopy, are used to study GaAs 

heavily doped with carbon. Hole concentration in these samples ranges from 2.3 x 10 to 

1 x 1 0 cm" . Three main Raman features are investigated: the longitudinal-optic (LO) 

phonon mode, the substitutional carbon-at-arsenic local vibrational mode (CAS L V M ) , 

and the coupled plasmon-LO phonon mode (LOPC). CAS LVM intensit\ is directh 

proportional to carrier concentration. This implies that CAS LVM intensit\ is a good 

carrier density indicator, even though its practical use is limited by its weakness. Onh 

one phonon-Iike coupled mode is observed due to the large plasmon damping and high 

effecti\e carrier masses. The coupled mode is seen to systematically red shift as /; 

increases even though the peak width of the mode sta\s constant. This behavior is 

described by a model which includes the effects of high hole concentrations on the 

dielectric function and an additional shift in the LO phonon we attribute to carbon size 

effect. Interestingly, the local mode intensity shows good correlation with that of LOPC 

mode as a function of p. Based on these results, the intensity of LOPC to that of the LO 

phonon is determined to be a good indicator of the carrier concentration. 

ILOPC/ILO decreases upon annealing, implying p reduction. Simultaneously, two 

peaks around 1375 and 1600 cm"' appear in all the aimealed samples. The two peaks are 

assigned to carbon precipitates. From the observation, it is believed that carbon 

precipitates into a nanocrystalline graphite phase upon annealing. The crystal size of the 

carbon precipitates was estimated from the peak intensity ratio. 

vii 



Emission due to a conduction band to acceptor level transition (e.A) was obser\ ed 

from photoluminescence (PL) spectra. The band redshifts as carrier concentration 

increases due to band gap shrinkage. PL intensit> of the (e.A) transition in annealed 

samples is drastically decreased. Carrier concentration reduction and the formation of 

nonradiati\e recombination centers are suggested as the cause of the beha\ior. and 

carbon precipitates observed in Raman spectra are suggested as the possible nonradiati\ e 

recombination centers. 
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CHAPTER I 

MOTIVATION 

Impurities are intentionally introduced into a semiconductor to modity its 

electronic structure. As a result, the transport and optical properties of the semiconductors 

are altered. The mobility, the constant of proportionality between carrier drift velocit> 

and electric field applied, is a central parameter in characterizing electron and hole 

transport due to drift. The mobility plays a key role in characterizing the performance of 

many devices [1]. At low doping concentration, the carrier mobility is independent of the 

doping concentration. For high doping concentration, the mobility monotonicalh 

decreases with increasing donor or acceptor concentrations. This is due to increased 

ionized impurity scattering [1]. The band structure is affected by doping due to the 

interaction between carriers and ionized impurities. Many calculations have been 

performed to calculate the band structure upon doping [2-6]. The main effects of hea\ \ 

doping on band structure are bandtail and band gap shrinkage. The donor (acceptor) 

impurities make levels below conduction band (above valence band) [7]. The donor level 

is one binding or ionization energy below the conduction band, and similarly the acceptor 

level is one binding energy above the valence band. As the impurity concentration is 

increased, the electron wave ftinctions of the impurity atoms begin to overlap. An overlap 

of wave functions is an interaction that changes slightly the potential of each level, 

resulting in the formation of a band of states [8]. As the impurity concentration is 

increased further, the impurity band broadens and eventually merges with the nearest 

intrinsic band. Impurities induce band tails in the density of states by forming a band of 



impurity states as mentioned above, and bv perturbing the band edge \ia deformation 

potential and Coulomb interactions [9]. Even though impurities alter electronic levels of 

the to host material through chemical incorporation, the difference between the effect of 

different impurities on electronic levels is not drastic. 

Studies of lattice vibrations can give information about crystalline structure with 

the length scale varying over an enormous range. The coherence length of lattice 

vibrations is in micrometer range, which is enormously long compared to atomic le\ el 

distance. Therefore, any disturbance of structure in this range can influence the lattice 

vibration peak position and shape. The free electrons (or holes) present due to doping 

constitute a plasma. In polar semiconductors the longitudinal-optical (LO) phonon 

possesses a strong oscillating dipole field. This polarization field of LO phonons which 

has information on long-range structure interacts with the plasma oscillations of free 

carriers. The interaction produces the LO-phonon-plasmon coupled (LOPC) mode. 

Therefore, the LOPC mode is relevant to long-range ordering of the material and 

electronic properties through electron-phonon interactions. If the mass of a substitutional 

impurity is smaller than that of the host atoms, the eigenvector of the vibrational mode 

does not have a sinusoidal or wavelike dependence in space but is strongly peaked at the 

impurity atom and falls off rapidly one or two lattice sites away. This results in a local 

vibrational mode (LVM). Local modes are on the atomic-molecular size scale, even when 

the electronic levels associated with the impurities are strongly coupled. The frequency 

and polarization properties of LVMs offer information on impurity species and 

substitutional site geometry because LVMs are very sensitive to substitutional mass and 



the nearest-neighbor lattice structure. These can be measured b\ infrared absorption and 

Raman scattering. 

As discussed above, lattice \ibrations offer information on crystalline qualit\' c>\cr 

huge range: from micrometer to angstrom. They also render information on electronic 

properties through interaction with free carriers. Due to these advantages, lattice 

vibrations are widely used to investigate properties of materials. I re\iew here se\eral 

such effects. I choose experiments to re\ iew which were conducted b\' nixself or others 

in m\ research group, but which were not part of this dissertation. For example, the 

lattice vibrational modes in Ge/Si muli-quantum wells (MQWs) are used to access the 

information on well thickness and interface roughness [10]. In MQW and superlattice 

structures, the Brillouin zone is folded because the periodicit\ is changed. Therefore. 

\ibrational modes are active in Raman scattering which can not be observed in the bulk 

counterpart. The lattice vibration mode shift is related to well thickness. For perfectK 

sharp interfaces, a narrow interface vibration line should appear. From a rougher 

interface, the line becomes wider because the contributions from interface regions of 

different widths and/or compositions should gel different weight [11]. Information on 

electronic bands can also be obtained by observing the resonance in \ ibrational modes. 

As an example, the Ei energy in Ge well of Si/Ge MQW was obtained from the 

resonance of Ge related vibrafional modes [10]. The scattering cross section contains, at 

least in principle, information about the medium like electron-phonon interaction, 

electron-radiation interaction and the electron band structure besides phonon energies 

[12]. Howe\er. it is usualh impossible to extract this information because of the 

summation over mam intermediate states in\ol\ed. This becomes feasible if onl\ one or 
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a small number of intermediate states make the dominant contribution. One wa\ to 

achieve this is b\ tuning the incident laser into resonance with a strong interband 

transition, or vice versa. In our Si/Ge MWQ stud\ mentioned abo\e. \arious pressures 

were applied to tune the Ge interband transition to incident laser energies. 

Lattice vibrations, which are sensitive to short-range order as well as long-range 

structure, are also used to map the strain in the epilayer. Under stress, there are changes 

in the spring constant (and hence frequencies) which characterizes the phonon dispersion 

of solid. As an example, strain maps are attained for silicon of a patterned structure [13] 

and GaN on sapphire substrate [14] b\ analyzing lattice vibration frequenc\ shift and/or 

broadening of the vibration modes. 

Lattice vibrations are also used to study alloy materials, like AlGaAs and GaAsN. 

For AlGaAs alloy, as Al content increases, GaAs-like and AlAs-like vibrational modes 

show systematic shift and change in linewidth. These modes are used to study the 

pressure effect on the alloy [15]. For GaAsN alloy, the redshift in the GaAs-like LO-

phonon mode and the blue shift in GaN-like LO-phonon mode are observed and the> are 

attributed to strain and alloying [16]. In the stud\. GaAs-like second-order feature is seen 

to .broaden slightly and diminish in intensity with increasing nitrogen incorporation. 

These results are attributed to a weak breakdown in the zincblende cr\stal long-range 

order. The LOPC mode was used to identify whether the as grown layer is doped or not 

[14]. As described above, lattice vibrations are used heavily to characterize materials 

because they render enormous range of information. In this dissertation, those are used to 

investigate \ er\ heavily carbon doped GaAs. 
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Most of electronic devices are made from the combination of diodes and 

transistors. The diodes and transistors are based on/;-/? junction [17]. .\ y?-/? junction is a 

single semiconductor crystal in which a region of/7-type material is adjacent to one of/?-

tvpe material. Depending on the tvpe of majoritv carrier in the semiconductor, electron or 

hole, semiconductors are either n- or/?-tvpe. These n- or/;-tvpe semiconductors are made 

by intentionally introducing impurities into the host semiconductors. This process is 

called as doping. Doping modifies the band structure [18]. density of states, electrical and 

optical properties of semiconductors [18. 19], as mentioned above, and introduces free 

carriers into the host material. To make devices perform as designed. \ erv careful control 

of the impurity concentration is critical. 

Heavih n- or /;-type doped GaAs is used for certain high-speed applications of 

integrated circuits. An important example is field effect transistors (FETs). Heav v doping 

reduces short channel effects, make FETs more one-dimensional in their electrical 

performance, and increase their transconductance. High doping of gale regions for FETs 

reduces leakage currents and increases the available current. Thin base regions in 

heterojunction bipolar transistors (HBTs). when heavih doped, reduce base resistance 

and HBT emitters with high concentrations have high switching speeds. GaAs/AlGaAs 

lasers contain several layers with high doping concentrations for such purposes as 

blocking currents, producing Ohmic contacts, and changing refractive indices [18]. The 

above-mentioned devices require carrier concentrations as high as 10 cm""' in both n-

and /;-tvpe material. In spite of the big need for high doping concentrations, it has been 

achieved only using several the state-of-art growth techniques, like metalorganic 



molecular beam epitaxy (MOMBE) [20], molecular beam epitaxy (MBE) [21], and 

organometallic chemical vapor deposition (OMCVD) [22]. 

An ideal impurity would possess a high solubility in the host material, a low solid 

state diffijsivity for abrupt dopant profiles, and exhibit little self-compensation. The 

elements Be, C, Cd, Mg and Zn have all been used as acceptor dopants in MOCVD [23]. 

Among them, C, Mg, and Zn are the most commonly used, Cd and Be less so (in the case 

of Be, because of its toxicity). There are major advantages of carbon over zinc. Carbon 

does not have a memory effect. The memory effect stands for a slow approach to steady 

state after the dopant is initially introduced. Similarly, when the dopant is turned off, the 

concentration, instead of falling abruptly, decreases slowly [23]. Carbon has a lower 

difftision coefficient [23, 29] making abrupt carbon doping profiles more easily achieved, 

and it has higher solubility in GaAs permitting high doping levels [25]. These features are 

especially desirable for base dopants in devices such as high-gain, high-frequency HBTs. 

High doping levels allow the formation of non-alloyed Ohmic contacts to the base region 

of the HBT [26, 27]. The small difftisivity of the base dopant makes carbon the best 

choice in HBTs where the base width needs to be narrow [28]. 

The motivation of this study is to investigate possible chemical changes with 

respect to carbon in heavily doped GaAs. In this dissertation, I describe results of optical 

measurements, primsirily achieved through Raman spectroscopy, on unannealed and 

annealed heavily carbon doped GaAs. These measurements provide information mainly 

on long- and short-range ordering and electronic properties of carbon doped GaAs non-

destructively. The most significant outcome of this work is clarifying carbon doping 

effect on LOPC mode. LOPC mode shift and intensity are investigated for different free 



carrier concentration. Carbon at arsenic site LVM and bandgap are also studied as a 

fimction of carrier density. To investigate thermal effects on the crystal quality, impurity 

incorporation, and doping, some of the samples are annealed. Most of devices undergo 

thermal cycling during their device fabrication processes. Therefore, it is very important 

to understand how the electrical and optical properties of the source material change 

during the heat cycle. Without this information, the exact expectation on the device 

performance is impossible. Carrier reduction upon annealing is observed by using Raman 

spectroscopy and photoluminescence. As a possible scenario for carrier density reduction, 

carbon precipitation is suggested based on Raman spectra taken from annealed samples. 



CHAPTER II 

BACKGROUND 

2.1 Introduction 

In this chapter, the basic terms used through out this dissertation will be 

introduced. First of all, local vibration mode (LVM) will be introduced. One of the most 

drastic changes in vibrational structure due to doping is appearance of LVM. In section 

2.2, how the frequency and intensity of LVM are related to chemical impurity 

incorporation and local ordering will be discussed. Vibrations in crystals are discussed in 

section 2.3. In GaAs, the lattice vibration is interacting with the vibration of free carriers. 

The carrier concentration dependence of the LOPC modes in many systems with different 

plasmon damping constants is studied. As an optical tool in smdying these vibrational 

modes, Raman spectroscopy is used. In section 2.5, basic concepts in Raman 

spectroscopy are introduced. To get additional information on samples, 

photoluminescence (PL) is used. Information available through PL measurements is 

discussed. Annealing effect on material properties is investigated and many studies 

related to annealing effects on carbon doped GaAs are reviewed. 

2.2. Local Vibrational Modes 

If substitutional impurities present within a semiconductor are lighter than the 

host atoms, such as Si, Be and C in GaAs, the vibrational amplitude is localized mainly to 

the light atom and nearest neighbor shell [29]. This is easily understood 

phenomenologically; the more massive atoms surrounding the lighter impurity cannot 



oscillate at the same high frequency and amplitude. The measurement of such local-

vibrational modes (LVM), using either Fourier transform infrared (FTIR) or Raman 

spectroscopy, provides direct information about the lattice location occupied by the light 

atoms, and even the symmetry and properties of impurities and dopants. 

If the impurity vibration is approximated to be completely localized on impurity 

atom itself, substitutional impurities with a mass mimp less than that of the host atoms 

give rise to a LVM with an angular frequency COLVM calculated as follows: 

mi„,pX = -k,„,^x (2.1) 

for harmonic oscillation. 

X = x^e'^'"""'^*^ 

^,.n/' =K 
' 1 ^ 

imp 

V ^""P ) 

(2.2) 

where kjmp is the force constant between the dopant and its neighbors. LVMs of various 

impurities in GaAs follow the trend expressed in Eq. 2.2 as shown in Fig. 2.1. However, 

the. delta ftmction model, not surprisingly, is in only rough accord with experiment. It 

may be improved by taking the vibration amplitude to be non-zero at sites which are 

nearest neighbors of the impurity as well as the impurity site itself. This is more physical 

since center of mass of the system must remain fixed. In first-order approximation, we 

have [30-34] 

2 _ , ' X 1 ^ 
- I - (2.3) 

where mnn is the mass of the nearest neighbors, and x is an order-unity parameter that 

depends on the local angle bending and bond stretching force constants of the particular 
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Figure 2.1: Local vibrational mode frequencies in GaAs due to 
impurities with different mEisses. 
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vibrafional mode. The value of x is studied experimentally [35] and theoretically [32]. 

^Beca LVM in GaAs by Wagner et al [36] is observed at 482 cm'' and -̂ Si(,a LVM in 

GaAs by Holtz et al [37] at 381 cm''. Because the mass of Si is larger than that of Be. 

Sica LVM has lower frequency than that of '̂ Beca LVM according to Eq. 2.3. 

Furthermore, boron, " B . LVMs at Ga and As show different Raman shifts, at 517 and 

601 cm' , respectively, because in each case " B has different microstructure. That is. B 

atoms have different LVM frequencies because they have different neighbors, even 

though they are the same atoms. Because the mass of As is slightly larger than that of Ga, 

Boa LVM has a lower frequency than that of "BAS LVM according to Eq. 2.3. Light-

atom site symmetry can be deduced by examining the light polarization properties of the 

Raman modes. However, substitutional site concentrations are difficult to quantitativelv 

assess using Raman scattering due to the weakness of the LVMs. 

GaAs has the zincblende structure as shown in Fig. 2.2. Carbon substitutes for the 

arsenic atoms in GaAs (CAS) making it an acceptor. Like scattering by the LVM produced 

by Si on the As site [37, 38], the CAS LVM Raman line is observed in polarization 

configurations for which scattering described by a Raman tensor with Fis symmetry is 

allowed, as shown in Figure 2.3 and Table 2.1. That is, in backscattering along the z = 

[001] axis, the CAS LVM is allowed in (x,y) and (x',x'), and suppressed in (x,x) and (x',y') 

polarization configurations [39]. Here, x and > stand, respectively, for the [100] and [010] 

crystallographic axes, while x' and y' are parallel to the [110] and [1 TO] directions as 

shown in Fig. 2.2. Besides the LVM, intrinsic second-order phonon scattering is resoh ed 

as a broad band centered at 540 cm"'. The CAS LVM is superimposed on the high-

frequency edge of these second-order phonon bands. This edge arises from scattering bv 



Figure 2.2: Crystal structure of GaAs and its crystallographic axes. 
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(001) 

Figure 2.3: Carbon at arsenic LVM with Tis symmetry of the Tj group. 

Table 2.1: Character table and basis functions for carbon at arsenic LVM. 

Td E 8C3 3C2 6S4 6cd 

T2(ri5) 3 0 - 1 - 1 -1 (x,y,z) (xy, yz, zx) 



LO phonons at the center of the Brillouin zone [40]. The 2LO(r)-phonon overtone 

scattering is forbidden in the z(x,y)z polarization configuration. Therefore, to stud> 

LVM, the z(x,y)z polarizafion configuration is preferred because it allows the LVM 

while discriminating against 2L0(r). The CAS LVM peak is identified by Wagner et al. 

[39] at 582cm"'. 

The intensity of LVM has been correlated with the dopant concentration [31 ]. The 

intensity ILVM is expected to increase with increasing dopant concentration from the 

relation [36, 39] 

ILVM ~ [dopant concentration] x V x a, (2.4) 

where V denotes the scattering volume, and a the scattering cross section per impuritv 

For a independent of the doping level a proportionality of the LVM intensitv to the 

dopant concentration is obtained under constant scattering volume conditions. 

For C-doped GaAs studied by Wagner et al [39] their experimental data are 

described by the relation, ILVM ~ [C] . This exponent is unexpected. As discussed by 

Wagner et al. the proportionality accounted for all carbon, not only that which is 

substituted onto arsenic sites. The conclusion by Wagner et al. that ILVM ~ [C] raises an 

interesting question: Where does the additional carbon reside in the GaAs crystal? This is 

discussed in Ch. V of my dissertation. As an alternative explanation for ILVM ~ [C]'^^, 

Wagner et al suggested a concentration-dependent scattering cross section as observed 

for B in Si system. [41] This is explained by an additional scattering mechanism due to 

the Coulomb field associated with the B atom. This field is screened by free carriers at 

high doping level. Due to the short history of GaAs:C, and the weakness of the CAS LVM, 

there are few Raman studies on this mode. 
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The LVM of Be in GaAs was studied by Wagner et al. [36]. The observed 

proportionality between normalized LVM intensity with respect to the intrinsic second-

order phonon scattering at 540 cm"' and Be(,a. that is, I(BeGa)'l(540cm'') = [BecaJ. 

indicates a concentration independent scattering cross section. Thus, the second-order 

phonon structure serves as an internal intensitv standard that is proportional to the 

scattering volume in Eq. 2.4. This proportionality can be used to nondestructivelv 

determine the carrier concentration of a sample, once a calibration between L\'M 

intensitv and carrier densitv has been established. 

2.3. Vibrations in Crystals 

Ev ery atom inside a crystal is v ibrating. The motion of each atom is affected bv 

its neighbors and therefore all crv stal oscillations are coupled together. The coupling can 

be strong, as in lattice v ibrations, or weak, as in local modes. Motion of this tv pe can be 

quite complex if it is described in ordinarv coordinates that describe the geometrical 

configuration of the sv stem. The coupled motion can be described in a simpler vv av bv 

introducing normal coordinates that are constructed from the original position coordinates 

in such a way that there is no coupling among the oscillators. Thus each normal 

coordinate oscillates with a single, well-defined frequencv [42]. 

2.3.1. Linear Diatomic Chain 

Normal modes in one-dimensional diatomic chain svstem. N of each atom, can be 

calculated as follows, based on Ashcroft and Mermin [43] primary reference. If we 



assume each atom interacts only with its nearest neighbor with spring constant C and a is 

the repeat distance of the unit cell, then the equations of motion are 

M?,,,(0 = n^x„„, .̂v„„,_, -2.x,J 
(2.5) 

where .VA/„ and x^n are displacements of M and m, respectively, in the nth primitive cell. 

We look for a solufion in the form of a traveling wave, with different amplitudes A\i and 

'̂ m 

XMAO = A„C 
i(kii(i-(i)l) 

x,„At) = Ac 
i[k(ii~-)ii-o)l) 

(2.6) 

where k is the wavevector and (o is the frequencv. From the Born-von Karman periodic 

boundary condition, i.e.. x\/„+\ = x\/„, we have the following conditions. 

, 27rh , A' , A' 
k = . w here < h< — 

Xa 2 2 
(2.7) 

On substitution of Eq. 2.6 into Eq. 2.5 we obtain 

ka 
-Mco'A,, =2CT-i„, cos—-.4, /] 

-mco'A,,, = 2C[A„ cos — - A,J. 

(2.8) 

These homogeneous linear equations have a non-triv ial solution onlv if the determinant 

of the coefficient of AM and Am vanishes 

2C - Mo)' - 2C cos — 

-2Ccos— 2C-mco 
0 

^: = o (2.9) 

The solutions of the above equation are 



M + m. If .\I + m\ 4 . . ka 
CO- =C -± 

Mm 
sin' — . (2.10) 

Mm 2 Mm 

There are 2N normal modes. For each k, there are 2 values of co. The lower branch of o) is 

called the acoustic branch, and the upper one is the optical phonon branch. The dispersion 

curve from Eq. 2.10 is shown in Fig. 2.4 (a). At the zone center like points A and D in 

Fig. 2.4. both of the atoms move. At point A. atoms mov e in opposite directions and 

center of mass is stafionary. At point B, atoms move in the same direction with nearly the 

same amplitude. The motion is 180° out of phase in the neighboring unit cell. Onlv light 

(heavy) atoms move at the zone edge point B (C). Not all the normal mode is detected bv 

Raman spectroscopy. Even though DOS of point A. B, and C are all large, onlv the mode 

of point A shows up clearlv because of ^ = 0 selection rule. This selection rule will be 

derived and described in more detail in section 2.5. 

2.3.2. Vibrational structure of GaAs 

In a diatomic three-dimensional system such as is relevant for zincblende crystals, 

there are 3 x (2N) = 6N normal modes. Of these 3N make the three acoustic modes, and 

the other 3N correspond to the three optic modes. For k along a symmetry axis of the 

solid, two modes of each acoustic and optic mode are transverse, and the other is 

longitudinal. The two transverse modes are degenerate along the symmetry axes. The 

dispersion curve for GaAs [44] is shown in Fig. 2.4 (c) as an example of diatomic three 

dimensional system. The dispersion curve of pure GaAs shows the characteristics 

mentioned above. However in doped GaAs, the LO phonon energy is less that that of 

pure GaAs LO phonon mode. This was suggested by Cowley et al. [45] as due to plasma 
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Figure 2.4: Dispersion curves of (a) 1-Dim. diatomic, (d) 3-Dim. diatomic sv stems and 
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screening of the macroscopic electric field produced bv LO phonon based on the 

following relafion [46]: 

^in =(ol,+CE,, (2.11) 

where O)LO(COTO) is the frequency of the LO (TO) phonon mode, and EM is a macroscopic 

electric field. C is a constant depending on the masses and effective charges of the ions. 

2.4. Longitudinal optic- plasmon coupled modes 

In GaAs, an oscillafing electric dipole moment is generated bv the LO phonons 

due to the lack of inversion symmetry. The electric dipole moment interacts with the 

longitudinal plasma oscillations of the free carriers. The LOPC mode frequencies can be 

theoretically deduced by solving the set of equations established for the coupled system. 

In this section, the interaction between lattice vibration and free carrier plasmons will be 

discussed, and expressions used to calculate the interaction will be described. 

2.4.1. Low damping and k =0 case 

In the long wavelength limit, the optical vibrations of a diatomic lattice 

correspond to the motion of one type of atom are all in phase, relative to the other kind. 

In GaAs, such motion is associated with oscillafing electric dipole moments. If x 

represents the displacement of the positive ions relative to the negative ions, a reduced 

displacement vector u may be expressed as w = x(|i/Vs) . where |i/Vs is the reduced 

mass per Bravais unit cell. Then, the macroscopic equations describing the polar motion 

are 



From the above equations, anharmonicitv and higher-order terms in the electric moment 

are neglected and k, ej. and x, are the force constant, Born's transv erse effective dynamic 

charge, and polarizability without latfice vibration, respectively. E and P are the electric 

field and the dielectric polarizafion. The dielectric polarizafion P and the dielectric 

funcfion £ are defined as follows. 

P = XE (2.13) 

^ = l + 4;r^ (2.14) 

where 7 is the polarizability. By using the periodic solutions, 

iU.E.P) = {ri,.E,.P,)e'"" (2.15) 

the polarization and dielectric function are represented as: 

. 2 \ 

P = 
- k -CO' 

E (2.16) 

^Tie 
£ = \ + 47rz,+ '—T- (2.17) 

- k -CO' 

From the similarity of Eq. 2.17 to the infrared dispersion formula. 

, = , . ( £ < L Z £ 4 ! L ,2.18) 
'0 

COQ -CO 

the parameters k, ej . and xi are obtained. In the above equation, COQ. SQ (SX) are the 

dispersion frequency and low (high) frequency dielectric constant. 
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k = -CO' 

4/T 

^ g . - 1 

An 

^ 0 = ^ / O 

^/.o = J — ^ , o 
(2.20) 

Therefore, the dielectric function of the svstem under only polar lattice v ibration is 

CJO'^^^ -CO' -iyco 

The above equation is generalized to include the phonon damping effects, with phonon 

damping constant y. 

In order to account for free carrier effects, the motion of free carrier in terms of its 

effective mass m* and scattering time x is considered. 

m*X ^ —X ^ eEe"" (2.22) 

Then the polarizability, P^, associated with the free carriers can be written down as 

- / * - - ne m -
P. = neX = \ E (2.23) 

-CJO' -icoY 

where n is the number of free carriers per unit volume, and F is the plasmon damping 

constant defined by the inverse of x. Therefore, the dielectric function of the sv stem 

under phonon and plasmon interaction can be calculated as follows: 

,(̂ ) = , ^ , i 4 ! k ^ _ _ ^ ,2.24) 
COn,' -CO' -icoy co{co + i\) 
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where o)p is the plasma frequency defined as 

CO = - - . (/ /">) 

£, /;; 

The coupled plasmon-LO phonon mode frequencies are calculated from ihc lools ol :.(<>} 

as follows. 

. K o ' +(0^;)±yJ{co„/ +co^/V -4a)/co,,r 
C0'= [1.1^)) 

2 

In the above equation, phonon and plasmon damping are neglected for their smallness, 

and co± represent frequencies of two LOPC modes, denoted L±, respectively. Because Op 

is related to carrier concentration, a)± can be expressed as a function of n, and plotted as 

shown Fig. 2.5 [44]. The L. mode has an energy which varies between zero and that of 

the transverse-optic (TO) phonon energy in the long-wavelength limit, depending on the 

carrier concentration. The L+ band is very close to the LO phonon at low n and increases 

in energy as the carrier concentration increases. This behavior was observed in /7-type 

GaAs by Mooradian and Wright [47]. In their /7-type GaAs system, relatively free 

electrons in the conduction band are the participants in plasma-like oscillations. To good 

approximation, the single effective mass of the conduction-band electrons describes the 

plasma. These modes serve as a good measure of carrier concentration [47]. 

2.4.2. Low damping and k ^0 

LOPC modes with k ^0 scattering wavevector were studied in n-typc ()a/\s h\ 

using various excitafion lines [48, 49]. From these studies, the LOPC motles with 

^ < 10'" X /:,,,,̂  are studied. The wave vector non-conservation was associated with ihc 
TT 
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Figure 2.5: Calculated plasmon-phonon mode frequencies as a function of free carrier 
concentration for Raman scattering from GaAs at 514.5 nm. The solid lines correspond to 
the bulk LO and TO modes. The calculations hav e been corrected for finite k-v ector and 
non-parabolic effective mass effects [136]. 



absorption of incident and scattered light in an opaque crystal [49]. The dispersion curves 

for LOPC bands are plotted for different carrier concentrations. For small wavevectors. 

L^ mode is stationary as a function of scattering w av ev ectors and the coupled modes are 

sharp. As the scattering wavevector increases. L. and L+ modes are blue shifted for a 

given carrier concentration. L^ mode shows a downward bending at 

/: ~ l.OxlOVm"' ^ 10~̂  x/:̂ ^̂ ^ as shown in Fig. 2.6. This bending is analvzed by 

Abstreiter et al. [49] as due to the strong absorption. 

2.4.3. High damping 

In/>type GaAs, the high-energy plasmon-like LOPC mode is weak, resulting in a 

single mode near the LO and TO phonons [50]. Recentlv. this behavior has been 

explained by using higher hole effective masses, lower hole mobilitv, and higher plasmon 

damping constant [51, 52]. These effects weaken and broaden the high-energy plasmon-

like LOPC mode [51, 52]. To date this mode has not been convincinglv detected in p-

type GaAs. Therefore, single-mode LOPC behavior is seen in />type material w hen low 

carrier mobility, high damping constant, and higher effective carrier mass are 

characteristic for the plasma oscillations. Similarh, a single LOPC band is observ ed in n-

type samples where the same characteristics apply [53-58]. 

The LOPC mode in p-type GaAs is a complicated phenomenon. Holes near the 

valence band edge carry the amplitude of the plasma oscillations. However, the structure 

of the valence band edge of GaAs is rich, exhibiting heavy and light hole states, with 

their respective effective masses, and the nearby split-off hole band. Even though onh a 

fraction of carriers are light holes [59], 
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their influence on the optical and electrical properties of the plasma cannot be ignored 

due to their comparatively large plasmon energy and higher mobilitv. This necessitates 

the use of at least two hole masses in describing the plasma [51]. The electronic 

susceptibility must account for light and heavv hole state intraband transition 

contributions [52-54, 57. 58, 60-64]. Recent work has included contributions to the 

susceptibility due to transitions between these valence bands [51, 59, 65]. Another factor 

is breakdown of the wave vector ^ = 0 selection rule due to the strong scattering of holes 

by ionized impurifies in the Raman process. This effect is of greatest relevance for 

extremely high dopant-ion concentrations [66]. Two schemes are used to explain the 

LOPC mode in p-type GaAs. The first involves large wav e vector modes due to the 

selection rule breakdown described above [66. 67]. The second scheme considers strong 

damping in the long wavelength limit [59. 62]. We adopt here the latter approach which 

is found to adequately describe the results of Be doped GaAs [59, 62]. 

The simplest type of light scattering related to the phonon component of the 

coupled mode is the deformation potential mechanism [68]. A long wavelength optical 

phonon involves relative displacements of atoms within the primitive cell by changing 

bond lengths and/or the bond angles, causing microscopic distortions. In this mechanism 

the lattice vibrations modulate the electron energy band structure and therebv cause a 

modulafion in the electric susceptibility related to interband transitions. Therefore, the 

deformation potential is the parameter that describes the change of energies at different 
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Brillouin zone introduced by the distortions. An additional contribution arises from the 

macroscopic electric field that accompanies the coupled modes. This field also produces 

a modulation in the interband electric susceptibilit>. Within perturbation theorv' these 

effects are described as field-induced intraband and interband transitions. This 

description leads to two-band and three-band representations of the light scattering cross 

section [69]. The three-band electric field contributions are referred to as the electro-optic 

mechanism, and two-band electric field contributions as the Frohlich mechanism. In polar 

semiconductors like GaAs, a long wavelength LO phonon involves uniform 

displacements of the charged atoms within the primifive cell. Such relative displacement 

of oppositelv charged atoms generates a macroscopic electric field. This electric field can 

interact with free carriers. This electron LO phonon interaction is known as the Frohlich 

interaction. The electronic transitions involved in the calculation of the transition 

susceptibility may be described bv diagrams of the type shown in Figure 2.7 (a) and (b) 

[69]. These two interactions are used to explain the observed LOPC behavior in Zn doped 

GaAs [66], Be doped GaAs [52], and Ge doped GaAs [67]. In the case of crvstals having 

free carriers, it is also possible to have initial or final electronic transitions which are 

intraband. This is shown in the diagrams of Fig. 2.7 (c) for the case of a degenerate n-

type semiconductor. Consequently, crvstals with free carriers have contributions to the 

transition susceptibilitv which do not exist for crv stals with full valence bands and emptv 

conduction bands. These additional contributions, which are associated with the charge 

density fluctuations of the electron-gas, are important light scattering mechanisms for 

semiconductor plasmons [69]. 
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(a) 

(b) 

(c) 

Figure 2.7: Schematic diagrams of the interband and intraband electronic transitions 
which play a role in (a) two-band and (b) three-band Raman processes, (c) Schematic 
diagrams of the additional interband and intraband electronic transitions which playa role 
in scattering processes which take place in an /7-tv pe semiconductors [69]. The numbers 
indicate the order of the electronic transitions. C, C| and C: (V. V'l. and X'T) are 
conduction (valence) bands. 
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2.5 Raman Spectroscopy 

When monochromatic radiation of wa\enumber r = 1//. is incident on systems 

like transparent solids, some scattering of radiafion occurs. The scattered radiation is 

composed of wavenumber v associated with the incident radiation, and new 

wayenumbers of v ± Ai7. The wavenumber difference between the incident and scattered 

light Av~ are related to transitions between rotational, vibrational, and electronic levels. 

The scattered radiation has polarization characteristics which can be different from those 

of the incident radiation. Both the intensity and the polarization of the scattered radiation 

depend on the direcfion of observation [70]. 

Such scattering of radiation with change of wavenumber is first observed by C.V. 

Raman [71] in 1928. The new wavenumbers are termed Raman lines, or bands, and 

collectively said to constitute a Raman spectrum. Raman scattering occurs bv phonon 

annihilation (Stokes bands with wavenumbers v - Av ). and phonon creation (anti-

Stokes bands with wavenumbers v̂  + Ai7). It is a little difficult to make generalization 

about the relative intensities of Stokes and anti-Stokes bands. Looking at the thermal 

dependence only, the ratio of Stokes to anti-Stokes is 

/ (Ar 

/ , , n,^{hAv.T) 

where Bose function is used because phonons are bosons. The intensity of anfi-Stokes is 

weaker than that of Stokes Raman scattering, and the ratio between these two decreases 

rapidly with increase in the wavenumber shift as shown in Eq. 2.28. 
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As mentioned before, the change of wavenumbers in scattered light. Av . is 

related to rotational, vibrational, and electronic transitions. Usuallv. rotational transition 

energy is in the range of 10'̂  eV. vibrational transition in 10'̂  eV, and electronic 

transition is related to much larger energy as shown in Fig. 2.8. Therefore. Raman spectra 

ma> be used to study rotational and v ibrational characteristics of the material. For gas 

system, the Raman spectrum will consist of a series of rather finelv spaced lines of 

relatively small wavenumber shift, arising from transitions between the closelv spaced 

rotational levels and a number of other lines of larger wav enumber shift, arising from 

transitions which involve either a change of vibrational state or a simultaneous change of 

vibrational and rotational states. For liquid and solid samples, the Raman spectrum will 

usually show only Raman lines arising from vibrational transitions since free rotation is 

inhibited. 

Not every vibrational transition is Raman active. The first selection rule is related 

to polarizability tensor. In order for a vibration to be Raman-active, the change in 

polarizability of the molecule with respect to vibrational motion must not be zero at the 

equilibrium position of the normal vibration, i.e.. 

fda^ 
— ^ 0 (2.29) 

V ̂ '̂ A, 

where a is the polarizability and re represents the equilibrium distance along the normal 

coordinate. In general, for any molecule that possesses a center of symmetry, there will 

be no fundamental lines in common in the infrared and Raman spectra. This is a verv 

valuable generalization for structure determination. 
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Figure 2.8: Energy level diagram for rotational, vibrational and electrical levels. 
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The second selection rule can be derived from the harmonic oscillator 

approximation. This selection rule, which is rigorous for a harmonic oscillator, states that 

in the absorpfion of radiation only transitions for which change of v ibrational quantum 

number = ±1 can occur. Therefore, only Raman lines with fundamental frequency are 

detected from harmonic oscillator approximation. Since most molecules are not perfect 

harmonic oscillators, this selection rule breaks down and lines corresponding to ov ertones 

are detected. 

Raman is an extremely useful method for the characterization of semiconductors 

and is an important complement to other spectroscopic techniques because it is a function 

of electron-phonon (lattice v ibration) interactions. Raman spectroscopv is a very useful 

method to study lattice vibrations and their interactions with other excitations such as 

plasmon oscillations. Since lattice vibrations are very sensitive to local environment. 

Raman scattering can give information about material structure and quality on the scale 

of a few lattice constants. Raman spectroscopy is an effective method for studv ing both 

local structure and long-range crystalline order, plus the effects of doping [44]. Also, 

since Raman scattering is a second-order optical process, it contains important sv mmetry 

information not available from first-order interaction. For example, in Raman scattering 

the scattered light intensitv for a giv en phonon mode is a function of both the incident 

and scattered light polarizations. Therefore, polarization study reveals the svmmetrv 

information that can be used to characterize manv' material parameters. In Raman 

scattering peak positions as well as polarization selection rules are sensitive to 

perturbations, like electric field, strain, pressure, and temperature. Furthermore by using 
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various excitation lines with different wavelength it is possible to perform non

destructive depth profiling measurements and excite resonance interactions because the 

absorption coefficient varies with X. 

In a Raman experiment, a monochromatic beam of light illuminates the sample. In 

transparent media it is possible to observe the scattered light at right angles to the 

incident beam [44, 72]. However, if the crystal is not transparent to the incident radiation, 

as is the case for most semiconductors, the observation is done in the back scattering 

geometry. The polarizability tensor x defined by Eq. 2.13 can be expanded as follows. 

Z,n, = zJ + xji^ + xJ't^' (2.30) 

where w is a nuclear displacement during a normal vibration. Thus, for the yth normal 

mode 

w,=",o^'"'' (2.31) 

and the electric field of frequency ©, 

E = E.e""-' (2.32) 

the polarization can be expressed as following. 

P = %in, E^e • +Xin,UjoEoe +Z/«, "vo V +••• (2.33) 

The first term is related to Rayleigh scattering in which the fi-equency of the radiation 

remains unchanged during the scattering process. The second term constitutes first-order 

Raman scattering, x/m' is called the Raman tensor, and corresponds to the first derivation 

of the polarizability term with respect to atomic displacement, Eq. 2.30. If the frequencies 

and wavevectors of incident and scattered light are (6),,A:,) and {co^.k^) respectively. 
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and (co.k) of phonon is created or annihilated in the process, energv and momentum are 

conserved as follows: 

ho)^ = hco^ ±tico 

hk. = nt ± Ilk. 
(2.34) 

In the above equations, the + and - sign denote anti-Stokes and Stokes scattering, 

respectively. The conservation of momentum reduces to the Bragg condition with co, = (Oy 

»CO approximation. 

' 1 r 1 
(2.3>) 

where (j) is the angle between the incident and scattered directions and n(coi) is the inde.x 

of refraction of the medium at coj. For visible light, k- is about 10' to 10""' of kma\ for 

phonons [44, 73]. Thus in a perfect crystal and for first-order Raman scattering. onl> 

phonons from the near center of the Brillouin zone are involved, i.e., k ^0. This is a 

very important selection rule. This selection rule can be relaxed. Key cases are crystals 

with many impurities or when the incident light energy is near an interband electronic 

transition. The differential scattering cross-section per the scattering volume V for Stokes 

Raman scattering is given by 

da 

dQ 
^l 

r ~) 

r 4 \ 
co^ 

^, • X Im 

V " J 
tito 

Ke'"' -\J 

(2.36) 

where Cj, es are the unit polarization vectors of the incident and scattered light, 

respectively. 
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We now consider atomic displacement polarization selection rules for diamond 

and zincblende structure materials. The Raman tensor for the ^ = 0 phonons for these 

materials is as follows [73]. 

(0 0 0^ 

0 0 J 

0 ^ 0 
u. 

^0 0 d^ 

0 0 0 

d 0 0 
u. 

^0 d 0^ 

J 0 0 

0 0 0 
u. (2.37) 

Each corresponds to phonons with atomic displacement along x. y. and z, respectivelv. 

For backscattering along z = (001) configuration, Raman selecfion rules can be calculated 

by using Raman tensors and Raman scattering cross-section equation as shown in Table 

2.2. The selecfion rule applies to a crystal with full translational sv mmetry. This means 

that the crystal must be infinite. TO phonon propagates perpendicular to its v ibrational 

direction. TO mode is forbidden for all configurations for (001) backscattering 

configuration. 

When the energy of the incident light is near an interband electronic transition, 

there is strong absorption. The penetration depth. Lp, of the light is then given by 

L. 
27r_ 

Aq 
, where Aq = Im {k^} + Im {k^ J (2.38) 

In this case the light scattering is from a finite region of the material which does not have 

the full translational symmetry of the infinite crystal. Thus, there will be a change in the 

polarization selection rules due to this "linear k" (LK) effect. Also, in the range of strong 

absorption, any surface electric field (SF) effects will become important, such as those 

originating from the space charge region. Electric fields also destroy the translational 

symmetry of the material. It is shown by group theory that the Raman tensor due to LK or 

j."^ 



Table 2.2: Atomic displacement Raman selection rules for backscattering from the (001) 
surface. 

Polarization 
Configuration 

Z|(Xi,Xi)-Zi 

zi(xi,yi)-zi 
zi(yi,yi)-zi 

Zi (Xi ' ,X i ' ) -Z i 

zi(xi',yi')-zi 
zi(yi',yi')-zi 

LO(z,) 
0 
d̂  
0 

LO(z,) 
d̂  
0 
d̂  

Phonon modes 
TO (X,) 

0 
0 
0 

TO(x',) 
0 
0 
0 

TO(y,) 
0 
0 
0 

TO(y' ,) 
0 
0 
0 

Table 2.3: Surface field, linear k, and atomic displacement Raman selection rules for 
backscattering from the (001) surface. 

Polarization 
Configuration 

Z|(Xi,Xi)-Zi 

Z|(xi,yi)-zi 
zi(yi.yi)-zi 

Zi (Xi ' ,X i ' ) -Z i 

zi(xi',yr)-zi 
zi(yi'.yi')-zi 

LO(z,) 

(be)' 
d̂  

(bs)-
LO(z,) 

(d+bs)-
0 

(d-be)-

Phonon modes 
TO(x,) 

0 
0 
0 

TO(x' ,) 
0 
0 
0 

TO(y,) 
0 
0 
0 

TO(y' ,) 
0 
0 
0 

where 

X, (100) 

1 

^ 
(110) y,^ 

y,=(0\0) 

1 

^ 
(110) 

z, =(001) 
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SF effects is the same. The tensor for the electric field Ex. E^, E^ are shown below. For 

LK effects, kx replaces Ex, etc. Then, Raman tensor for SF and AD scattering terms are 

^aE^ 

cE^ 

yCE. 

cE^ 

bE^ 

d 

CEA 

d 

bE 
'. u. 

X J 

bE, 

cE. 

d 

cE, 

aE ̂  

cE. 

d 

cE 

bE 

: u. 

> / 

'bE. 

d 

cE^. 

d 

bE. 

cE. 

cE 

cE 

ciE 

u. (2.39) 

-J 

Then, the Raman selection rule for (001) backscattering is modified as shown in Table 

2.3 with Ex- Ev=0 and E^= E. 

2.6 Photoluminescence 

Photoluminescence (PL) spectroscopy is a direct wav to non-destructivelv 

measure the band gap energy as a function of the carrier concentration [74-81] This 

technique measures the spectrum emitted by the radiative recombination of 

photogenerated minority carriers. PL intensitv and lineshape are sensitive to crystalline 

quality and material composition [82]. PL studv was done to get a better characterization 

of samples and to see if some complementary chemical level information could be 

obtained to compare with Raman carbon at arsenic LVM and carbon precipitation 

spectra. 

In the simplest description, the optical process known as PL involves three major 

steps. First, an electron-hole pair is created with the absorption of incident light, resulting 

in a non-equilibrium condifion in the material. The excited pair then seeks lower energv 

levels via thermalization. If the material is pure, the electron and holes pair off into 

excitons which then recombine, emitting a narrow spectral line at low temperatures. 
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However at temperatures such that keT > (exciton ionization energv). and also in less 

pure crystals, the free carriers can then recombine radiativel> in a band-to-band transition 

and/or deep transition. The deep transition stands for the transition of an electron from 

the conduction band to an acceptor state or a transition from a donor to the v alence band. 

If a direct gap between parabolic bands was assumed and the impurities were taken to be 

shallow, discrete, and nonovedapping. the band-to-band transition would be about four 

times more probable than the transition between the impurity (donors or acceptors) and 

the band [9]. However when the impurity concentration is large enough to form an 

impurity band which merges with the nearest intrinsic band, the interpretation of the 

process becomes ambiguous. When electric dipole transitions are allowed, the electron-

hole pair recombines with the emission of a photon with high probability [12. 83]. The 

transition rate, W^^^. from the initial state / to the final state / is governed bv Fermi's 

Golden rule; 

fv.^,= 
2n 

^ A {5{E^ -E,-na)) + S{E, -E.+hco)\ (2.40) 
n 

where Ef(Ei) stands for the energy of final (inifial) state, and + {-)hco is the energy of 

absorbed (emitted) light. //^, is the transition matrix element given by 

H',={cp,\H'\cp) (2.41) 

where cpf (91) represents the final (initial) state function, and H' is a perturbation term in 

the Hamiltonian function. Fermi's Golden rule is derived from time dependent 

perturbafion theory for the radiation field and atomic system [82-85]. The transition rate 

is also controlled by momentum conservafion. For direct transition; 
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q + k,=k, (2.42) 

where k. {k,) is the wave vector of electrons in initial (final) state, and q is that of 

incident or emitted light. Usually \q\ is very small compared to k, and k, , resulting in 

kj which means transifion is direct. Finally, the recombination radiation escapes 

from the sample. The electron-hole pair could also recombine via non-radiative 

recombination paths, which compete with the radiative transition path [7]. The generation 

of electron-hole pairs in semiconductors involves the transition of carriers across the 

forbidden gap and thus is very different for direct and indirect gap material. 

The spontaneous band-to-band emission rate can be obtained on the basis of the 

thermodynamic equilibrium condition, and the emission spectrum S(E) is expresses as 

[86, 87] 

^^^^jTme-'E'-aiE) ^^^.^ 

h'c\e'^ -\) 

where n and a(E) represent the index of refraction and absorption coefficient. 

respectively. The absorption coefficient a(E) is proportional to density of state, therefore 

proportional to JE - E^ for allowed direct transitions. Eg stands for the band gap which 

is a function of temperature. The band gap of pure GaAs shows the quadratic dependence 

on the temperature which is characteristic of direct band gap material according to 

Varshni equafion [88] and shown as follows [89]. 

5.408xl0"'r-
^ . , / . ( n = 1-519 (2.44) 

^ r + 204 
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From the above equation, band gap of pure GaAs at 77 K is 1.508 e\'. The emission 

spectrum from pure GaAs at room temperature shows intense band peaking near Eg w ith 

the shape described above as shown in Fig. 2.9 (a) [90]. With photoluminescence of pure 

GaAs at 77K, emission spectra of ^- (Te doped) and p- (Zn doped) tvpe GaAs are also 

included in Fig. 2.9 (b) for comparison. 

For ^-type GaAs in Fig. 2.9 (b). the peak of PL is blue shifted as carrier 

concentration increases. This is attributed to Burstein-Moss shift [91. 92]. i.e.. a filling of 

the conduction band bv electrons. The peak extends to lower energv as carrier 

concentration increases. This is due to energy gap renormalization and bandtailing. .A.s 

carrier concentration increases, the conduction band edge moves downward and the 

valence band edge moves upward resulting in band gap renormalization. This is caused 

by carrier impurity ions interaction and by many-body effect [77. 93]. The many-body 

effects result from the spin-spin interaction and Coulomb repulsiv e interaction between 

the free carriers. The band gap renormalization as a function of carrier concentration can 

be represented as follows: 

AE^ = E^{doped)- E^{purc) = -An'\ (2.45) 

The coefficient A has been adjusted to give the measured value of AEo at high dopant 

concentrations, and the minus sign means that the band gap shrinks with increasing 

impurity concentration. Borghs et al [77] observed A = -7.3 x 10' eVcm from their 

data fitting. The bandtailing is caused by the broadening and merging of the impuritv 

energy levels with intrinsic bands. If impurity atoms are introduced, thev may form 

discrete energy levels in the forbidden band. If their wave functions overlap, the impuritv' 

levels begin broadening. Then the allowed energy region, the impuritv band, arises in the 
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Figure 2.9: Photoluminescence spectra of (a) pure GaAs [90] and (b) ;7-tv pe Ga.Xs:Te and 
p-iypt GaAs:Zn [94] at 77 K. 



forbidden gap. The case when there is an impurity band separated both from the 

conduction and valence bands of the host crystal is referred to as intermediate doping. As 

impurity concentration increases, the impurity band becomes broader, resulting in 

decrease of the activation energy determining the electron (hole) concentration in the 

conduction (valence) band. Finally, when the host material is heavily doped, the 

activation energy is zero. This means that the top (bottom) of the donor (acceptor) 

impurity band merges into the conduction (valence) band. The net result is an apparent 

bandgap shrinkage. The full width half maximum of the peak is increased as carrier 

density increases. This is attributed to Burstein-Moss shift, band gap renormalization, and 

bandtailing. 

For /7-type GaAs in Fig. 2.9 (b), the peak of PL is red shifted as carrier 

concentration increases. For GaAs, the higher hole effective mass must shrink the band 

gap more in/7-type material than in «-type material [95]. In/7-type emission, the shift to 

higjier energy due to the Burstein-Moss effect is masked by the energy gap decrease with 

increasing concentration [77, 94]. The hole concentration dependence of the band gap 

shrinkage in/7-type GaAs can be represented as follows: 

AE^ = E^idoped)- E^{pure) = -Ap"\ (2.46) 

A is suggested by many research groups and ranging between 1.6 x 10' and 2.6 x 10' 

eVcm [77, 80, 96]. 

2.7 Annealing 

Post-deposition processing may include both standard and rapid annealing 

treatments. With this device processing, device operation might introduce high 
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temperature. The elevated temperatures are capable of altering compound semiconductor 

stoichiometry. crystal quality and microscopic defect structure unexpectedly. To better 

understand these phenomena. I conducted several anneals and studied the microscopic 

effects through Raman spectra. 

It has been reported that after carbon doped GaAs annealing at low temperatures 

(Ta < 550 °C). the hole concentration increases [97]. This is attributed to the decrease in 

the concentrafion of hydrogen in the sample [97-99]. Secondarv ion mass spectroscopy 

(SIMS) profiles reveal a corresponding decrease in [H] as a function of annealing 

temperature. Tg [97, 99]. SIMS is a mass analysis technique to provide a quantitative 

indication of the sample surface's composition bv using secondarv ions from the sample 

surface. Hole concentrafion reduction in heavih carbon doped GaAs upon high 

temperature annealing (Ta > 600 °C) has been reported bv numerous authors [26. 28. 97. 

100-102]. Higher carrier density samples show sharper decrease. A significant decrease 

in the hole concentration occurs at the earlv stage of the anneal, and then a decrease 

slows down as the anneal proceeds [101 ]. The carrier concentration was found to reach a 

minimum concentration./?„„„. independent of as grown [C] [97. 101. 103]. Each research 

group observed different /7,„,„. Westwater et al [103] and Hofler et al. [97] found p,, 
'mm 

(4 ~ 5) X lO'^ cm'^. Not every annealing study on carbon doped GaAs shows the behavior 

mentioned above. Carrier concentration increase is observed for heavily carbon doped 

epilayers (4.7 x lO'^ and 9.8 x lO'^cm'O by rapid annealing from 500 °C to 900 °C [99]. 

These differences are attributed to a difference in annealing conditions or growth 

techniques. No carbon concentrafion decrease is observed bv SIMS measurement [28. 98. 

99, 101. 103]. Therefore, the observed p reducfion is not due to passivation by loss of C. 



Many mechanisms are suggested to explain the observed decrease inp and mobility upon 

high temperature annealing, as follows: 

1. CAS' ^ interstitial d [97, 98, 100, 101, 104]: 

The site switching of carbon atoms from a substitutional site to an interstitial site leaving 

behind an arsenic vacancy might cause p reduction upon annealing. These interstitial 

defects might be electrically neutral or part of a complex defect or precipitate. This 

argument can be verified by comparing the number of carbon interstitials before and after 

annealing. This can be done by ion-beam channeling studies as Hofier et al [97]. Their 

study showed that the fraction of interstitial C after annealing at Ta > 600 °C is at least 

70% higher than in the as grown samples. Carbon interstitial can be identified by di-

carbon Raman signal observed by Wagner et al [105]. As for the carbon interstitial, 

formation of di-carbon centers is deduced from the observation of Raman lines at 1742. 

1708, and 1674 cm'' in GaAs co-doped with '"C and '̂ C after annealing at 850 °C with 

concomitant loss of vibrational scattering from CAS [105]. The frequencies agree with 

results of theory for a C-C formed by the trapping of a mobile interstitial C (displaced 

CAS) atom by an undisplaced CAS acceptor. The proposed structure of this complex is 

shown in Fig. 2.10. Other mechanisms of carrier loss are inferred since a weaker Raman 

triplet is detected at 1859, 1824, and 1788 cm"' from a different C-C complex. 

2. CAS" -^ precipitatates [28, 97, 101-103. 106]: 

. , - , 0 , , -

•=>cy + /,^(c°)„„.. 
prccipiltiles 
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Figure 2.10: Di-carbon (Cj - CAS) defect structure proposed bv Wagner et al [105]. 
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The initial reduction in carrier concentration and mobilitv after anneals is a result of 

supersaturated CAS moving to interstitial sites. As annealing temperature and fime 

increase, clustering of C leads to the formafion of precipitates. If the size of the cluster is 

big enough, C-C bonds will show up in Raman peaks at ~ 1355 cm'' and ~ 1585 cm"'. 

3. Site switching: CAS -^ Cca^ [26]: 

Migration of carbon from As site to Ga site upon annealing might cause the p reduction. 

The carbon at gallium site LVM should be infrared active and is expected near CAS LVM. 

in the range of 480 ~ 500 cm"' [107] from the analogy of the LVM frequencies for "^Sica 

donors at 384 cm'' and ^^SIAS acceptors at 399 cm''. 

4. Diffusion via VAs [108]: 

This is related to early stage of carrier concentration reduction. As a diffusion 

mechanism, Uematsu et al [108] proposed that CAS diffuses via a VAS species in the form 

of (CASVAS) pairs. This suggestion could be supported by that fact that the smaller hole 

concentration decrease is observed for the heavily doped p-GaAs:C epilayers grown 

under As rich conditions [98]. 

5. Passivation by the incorporation of hydrogen [34]: 

The passivation of carbon acceptors by hydrogen in GaAs is observed by Pan et al [109]. 

They proposed the following passivation process. The valence electron of the atomic 

hydrogen recombines with a free hole leaving behind a proton. Because there is 

Coulombic attraction between the proton and the negatively charged C acceptor, pairing 

occurs resulting in an electrically deactivated C. The hydrogen might be introduced 

during the growth of layers by MOVPE, MOMBE. or CBE from metalorganic sources. 

The paired hydrogen atom gives rise to a high-frequency asymmetric LVM 
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corresponding to stretching of the bond to its nearest-neighbor atoms [110]. The LVM of 

H - CAS pair. H - CAS stretching mode, identified at 2636 cm"' by Woodhouse et al 

[34] was used to verify the existence of the pair. The H-CAS mode cant, however, be used 

in explaining hole concentration reduction under annealing if hydrogen concentration 

introduced during the growth of layers is under SIMS detection limit. 

6. Formafion of misfit dislocations [ 100]: 

Dislocafions can acts as carrier traps and reduce the efficiency of radiative recombination 

(PL intensity decrease upon annealing will be discussed in section 4.2.), and therefore, 

may explain the degradation in electrical and optical properties [100. 107]. Partial 

relaxafion of the C-doped layers is attributed to the introduction of misfit dislocations 

[103]. This introduction of misfit dislocation occurs only at thicknesses significantly 

above the critical thickness [111]. 

On the contrary to carrier concentration, mobility stays almost constant except in 

very high carrier concentration range, p > 6 x lO''̂  cm'̂  [97. 100]. At verv high carrier 

concentration range, the mobility decreased after annealing. With p and mobilitv 

reduction upon annealing, lattice contraction decrease is also observed [97, 100, 104]. 

The origin of the decrease in lattice contraction is not understood clearly. This might be 

due to the consequence of a solid solubility limit for substitutional carbon and a resulting 

site switching to interstitial sites [97]. One of other possibilities is due to strain relaxation 

via misfit dislocation [100]. Even though each process mentioned above can explain hole 

density reduction, many processes should be combined to explain the whole annealing 

effect. For example, even though precipitation explains observed p reduction, SIMS data 

and carbon precipitation Raman peaks, it does not explain the mobilit> reduction upon 
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annealing because the total density of ionized impurities. .V,. does not change or decrease 

in precipitation model. For degenerate semiconductors, the mobilitv is inverselv 

proportional to the number of ionized impurities, // - p/h'i [100. 112]. Therefore, 

precipitation is not the sole contributor to the reduction of free hole concentration. For 

site switching model (CAS -^ CQ^), no direct evidence, like Coa LVM. is observed in 

Raman or infrared spectroscopy [103]. Further, it cannot explain the large reduction 

observed in the lattice contracfion of the carbon-doped epilayer [97, 100, 104]. For 

diffusion via VAS mechanism, it does not explain the higher CAS' diffusivity increases for 

higher Asa pressure upon annealing [28]. For the passivation bv the incorporation of 

hydrogen (mechanism 5 above), even though H-'^CAS mode is observed from annealed 

GaAs:C [34]. this possibility is rejected by many groups. Their argument is based on [H] 

level decreases observed in samples annealed Ta > 650 °C [97. 99]. The hole 

concentration is decreased even though most hydrogen is evacuated bv thermal 

annealing, indicating that the hole decrease is not related to hydrogen passivation [98]. 

Westwater et al [103] observed p decrease after high temperature annealing without 

observing any sign for C-HAS complex before and after annealing. 

From this discussion, it is clear that annealing effects on heavily carbon doped 

GaAs are not completely understood. In this study, Raman spectroscopy and 

photoluminescence are used to add understanding about hole concentration, mobility 

reduction and lattice strain relaxation upon annealing. 
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CHAPTER III 

EXPERIMENTAL DETAILS 

3.1 Sample Information 

The carbon doped GaAs samples studied here are provided by T. Kim and W.D. 

Duncan at Central Research Laboratory at Texas Instruments. Inc. Samples were grown 

by organo-metallic chemical vapor deposition (OMCVD) on pure, (001) GaAs substrates 

in EMCORE GS-3200 organometallic vapor-phase epitaxy system. CVD is one of the 

most widely used techniques of crystal growth, and refers to the formation of a 

condensed phase from a gaseous medium of different chemical composition [7, 113, 

114]. The OMCVD has emerged as a technologically important one for the production of 

single layers, heteroj unctions, and quantum well structures due to its excellent control 

over layer thickness and doping, and the achievement of hyperabrupt junctions [23. 113. 

115, 116]. As source gases, trimethylgallium (Ga(CH3)3), tetrabutylarsine ((CH3):,CAsH2) 

are used. Controlled carbon doping was achieved by using carbon tetrachloride (CCI4) as 

the external carbon source. Even though some of C atoms from TMGa are incorporated 

in GaAs, the carbon doping level control with TMGa as a sole carbon source is not easy 

since V:III ratio and temperature not onl> changes the doping level, but also growth rate 

and morphologies. Thus, it is convenient to have a separate doping source. CCI4 is used 

as a separate dopant source for the samples studied in here. To achieve high doping 

concentrafions, low growth temperature (< 600 °C) and V:III molar-flow rate rafios (< 

10) were maintained. Carrier concentrations were determined by Hall effect 

measurements. The hole concentrations range from 2.3 x 10 to 1 x 10 cm'\ The 
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epilayer thicknesses of the samples were ^lOOnm. This is thicker than the penetration 

depth, which is the inverse of the absorption coefficient a, for the excitation light used 

for photoluminescence (PL) and Raman measurements. Therefore, PL and Raman signal 

from the samples are mainly from the epilayer. rather than from the substrate. More 

information on samples is shown in Table 3.1. 

3.2 Photoluminescence 

Photoluminescence spectra were generated with 488nm argon-ion laser light 

(Coherent Innova 300). A diffraction grating filter (Optometries TGF-302) was used to 

remove unwanted plasma lines. This filter has a band pass of 2 nm. The incident and 

scattered light are directed and collected by mirrors and lenses as shown in Fig. 3.1. The 

samples were immersed in the liquid nitrogen during the measurements. A scanning 

spectrometer (ISA HR 320) with 1200 grooves per mm (gr/mm) grating (optimized at 

900nm, 68 mm x 68 mm) was used to disperse the scattered light, corresponding to a 

spectral resolufion of ^ 0.2 A ^ 0.07 meV. Slit width was set between 200 and 300 

micrometer. Signal from the germanium detector (EG&G Judson-JD16 model) was 

amplified by a lock-in amplifier (SRS SR 830). Lock-in amplifiers use a technique 

known as phase-sensitive detection to single out the component of the signal at a specific 

reference frequency and phase. Here the reference frequency from the chopper and phase 

are 209 Hz and 90°. This lock-in amplifier technique is good for detecting very small 

signal. All spectra were corrected for the wavelength dependent system response. Details 

of the PL setup are described in Ref 117. 
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Table 3.1: Heavily carbon doped GaAs sample information 

Run# 

E6303 
E6301 
E6314 
E6331 
E6302 
E6315 
E6269 
E6349 

Thickness 
(nm) 

94.905 
94.905 
94.905 
94.905 

93 
94.905 

93 

Carrier 
Concentration 

P(/cm^) 

2.3 E+19 
2.9 E+19 
4.29E+19 
4.62E+19 
4.87E+19 
5.31E+19 
7.54E+19 
1 E+20 

Sheet 
Resistance 

R(Q/ ) 
4.25E+02 
2.76E+02 
2.28E+02 
1.93E+02 
1.87E+02 
1.90E+02 
1.31E+02 

Mobilitv 1 
|.i(cm^/Vs) 

67.53 
82.59 
67-45 
73.89 

73.98333 
65.45 

68.18333 
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Figure 3.1: Photoluminescence setup. 
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3.3 Raman Spectroscopy 

Raman measurements were performed in backscattering geometry from the (001) 

growth surface with the samples at room temperature. The spectra were excited with the 

2.71 eV (457.9 nm), 2.54 eV (488.0 nm) and 2.41 eV (514.5 nm) lines of an argon-ion 

laser (Coherent Innova 300). For each excitation line, the optical penetration depth is ^ 

26, « 45, ^ 55 nm, respectively [118]. The optical penetration depth is the distance from 

the surface of a sample which the intensity of the incident light has fallen 1/e ^ 37 % of 

its intensity. Because the scattered light must escape from the surface material, the optical 

penetration depth is l/(2a) where a is an absorption coefficient of incident light. 

Excitafion light from the laser passes through the grating filter to get rid of plasma lines. 

The incident and scattered light are directed and collected by mirrors and lenses as shown 

in Fig. 3.2. Standard optical components were used to control polarization conditions. 

The laser light is focused to a s: 10 \im diameter spot using a SPEX MicraMate micro-

Raman instrument. The surface of the sample on the xyz stage can be viewed using a 

camera and monitor. The magnification of the image on the monitor is about 1000. Due 

to this system, careful study of the surfaces of the annealed samples was possible. Notch 

filters are used to remove Rayleigh scattering due to elastic scattering. The notch filters 

attenuates the Rayleigh scattering, allows 80% of other wavelengths through, and makes 

this type of mulfichannel system possible. The filters have a bandwidth of < 20nm (< 

700cm"'). The notch filters can be rotated in a plane orthogonal to the incoming light to 

shift the cutoff edge. The scattered light is dispersed by 0.5 meter monochromator (SPEX 

500M) whose input slit is set to 200 |im. For Raman shift, Av, smaller than 1000 cm"', 
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Figure 3.2: MicroRaman setup for Raman measurements. 
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1800 gr/mm grating (opfimized at 500nm. 110 mm x 110 mm) is used, and 1200 gr/mm 

grating (optimized at 500nm, 110 mm x 110 mm) is used for Av > 1000 cm"'. Even 

though larger number of lines per mm grating giv es better resolution, lower number of 

lines per mm grating was used for Av > 1000 cm"' to have enough spectral coverage. A 

liquid nitrogen cooled multichannel charge-coupled device (Princeton Instruments. LN-

CCD-512 TKB) was used to detect the scattered light. The Raman shift range of the 

detector is calibrated using either known emission lines from lamps (neon or mercury) or 

plasma lines from the laser. The CCD has a 512 x 512 pixel grid with an active area of 

1.2 cm and the chip is maintained at a temperature of 110 °C to minimize the thermal 

dark current. The dark current occurs due to charge leakage within each pixel and is 

exponentially related to the temperature. The ADC (analog-digital conv ert) limit is 65536 

(16 bit) and is read out sequentially after the allotted exposure time has elapsed. CSMA 

software written by Princeton Instruments was used to control data taking parameters and 

manage the read-out of the CCD arrav. More details on Raman setup used in this study 

are described in Ref 119. Integration times ranged from several minutes to three hours. 

Even though long integration time offers theoretically better signal-to-noise (S/N) ratio. 

cosmic ravs limit the S/N ratio improvement with long integration times. Therefore for 

long integration time Raman spectrum, many short Raman spectra are taken sequentially, 

rather than just one long spectrum, and processed bv computer program specifically 

designed to reduce these effects especiallv for v ery low scattered signal conditions. The 

program is written based on Adjouri et al.'s article [120]. The main steps of the data 

analysis are spike removal, standard statistical testing and enhancement of the mean 
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statistical accuracy. In this program, a number of data files are read and a median value 

for each channel, nic, is calculated. Then, the intensity of each channel is compared with 

w, ± («,-h ŷ , V ^ ) (4.1) 

where ai and pi are two constants adjusted to experimental conditions. In this step, using 

median value, not mean value, is very important because the mean value of the intensity 

accumulation may be modified by excessively high values generated by cosmic rays. For 

each spectra, if the intensity of each channel lies outside of the range given by Eq. 4.1, 

the data point is rejected. After first spike removal, each spectrum is normalized. 

Normalization step is introduced to standardize the statistical data processing procedure. 

This normalization step goes next to first spike removal process. Otherwise, at some 

spectra, data might be normalized with respect to cosmic rays because cosmic ray spikes 

are usually very intense compared to that of Raman signal. After normalization, second 

spike removal is conducted. The second spike removal step is introduced to get rid of 

weaker spikes. 

m, ± (a, + P^ V^) (4.2) 

where a2 and P2 are smaller than ai and pi. Finally, the obtained spectra undergo a 

statistical test procedure. For each channel, the mean value p-c, and standard deviation CTC 

of the remaining intensity values are calculated and an interval (|ic - ĈTC, p-c + ^ac) is 

defined. ^ is a constant. Parameters, ai, pi, a2, P2, and ,̂ are selected to get a low data 

rejection rate and a good S/N ratio. Again, data fall outside of the interval for each 

channel will be discarded. The remained data are averaged and saved. The number of 
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remained data per each channel and av eraged data are displa> ed. and these plots are used 

to diagnose parameters used, ai . Pi. a:. P2, and c. 

3.4 Annealing 

The annealing system shown in Fig. 3.3 was used in Maddox Lab to studv the 

effect of elevated temperatures comparable to what is used in device processing. The N: 

gas flow rate was about 300 standard cubic cm per minute. To minimize As surface loss 

during annealing, samples are loaded in face to face geometrv [103. 121]. referred to as a 

proximitv cap, and surrounded by pure GaAs. This provides an environment in which the 

As-pressure gradient at the sample surface is minimized. The annealing temperature 

ranges from 450 °C to 850 °C. and annealing time from 20 minutes to 1 hour. 
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Figure 3.3: Annealing System 
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CHAPTER IV 

PHOTOLUMINESCENCE OF HEAVILY CARBON DOPED GAAS 

4.1. Photoluminescence from unannealed GaAs:C 

Figure 4.1 shows the PL spectra of carbon doped GaAs epilayers at 77 K with 

hole concentrations (a) 4.3 x lO'^ cm"', (b) 5.3 x lO'*̂  cm"\ (c) 1 x 10"" cm"l From the 

peak position, peak A is considered as coming from the substrate emission which is not 

absorbed bv epilayer. The substrate peak appears onlv from lowlv doped materials. The 

stronger substrate peak in lower p material is also attributed to the energv gap dependent 

absorption coefficient, a{E) oc JE- E^ . The Eg decreases as carrier concentration 

increases as shown in Eq. 2.46. Therefore, a( 1.508 eV) increases as carrier concentration 

increases, resulting in weaker substrate emission detected outside of the surface. 

Nevertheless, the intensity of peak A is much stronger compared to what is observed for 

about the same carrier concentrations from other studies [76. 78-81. 122. 123]. This is 

due to very thin epilayer. ~ 1000 A. 

With increasing hole concentration, the position of peak B is redshifted. The peak 

position is 1.452 eV and 1.432 eV for/? = 4.3 x lO'*̂  cm"̂  and 1 x 10~" cm'\ respecfively 

in Fig. 4.1. The dominant peak at low temperature due to band-to-band (B.B) or band-to-

acceptor (e,A) transition is the subject of controversy. As acceptor concentration 

increases up top < 1.4 x lO'^ cm " [124], the acfivafion energy decreases to zero. In this 

situation, the transition via the acceptor level does not occur [125]. However. Nasledov ci 

al. [126] proposed that the transition v ia the acceptor band was possible for the heav v' 
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Figure 4.1: Photoluminescence specliii IVoni un;iniicaled OaAsX' sam|•)lc^ lor dillcrcnl 
carrier concentrations at 77K. /-c^. = 488 nm. 
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doping regime. The peak B might be coming from (e,A) transition. This identification 

agrees with that of Chen et al [78] and Nathan et al [94]. Nathan et al made the 

identification from the PL peak energy study for varying concentration. PL peak of lowlv 

Zn- [94] or C- [122] doped GaAs showed up at lower energy than that expected from l:q. 

2.44 as shown in Fig. 4.2. The peak posifion of PL taken at 12 K from/7 = 1.9 x lO'̂ ' cm'' 

carbon doped GaAs was ~ 1.494 eV, which is ^ 25 meV smaller than E,(12 K) [80]. The 

difference is compatible to carbon impurity level in GaAs, which is 26 meV [127]. The 

intensity of the (e.A) emission peak increased as the concentration increases. The redshift 

observed for peak B indicates the doping induced band gap shrinkage. The FWHM of 

peak B is increased as carrier concentration increases. The broadening might be caused 

by breakdown of the k- conserving process described in section 2.6 [75. 122]. This 

broadening is accelerated by bandtail states and high energy side peak, C, and high 

energy tail at very high concentration. The peak of emission is plotted in Fig. 4.2. 

The low-energy tail edge is found from the intersection between the tangent to the 

low energy tail of the emission band and the background [75]. The low-energy tail edge 

is regarded as the real band gap of the doped samples. They are 1.414, 1.413, and 1.390 

eV for the/? = 4.3, 5.3 and 10x10 cm"' samples, respectively, in this study. This agrees 

well with what is expected from the following empirical equation [77]. 

AE^ = -2 .6x lO-V" ' (4.1) 

The above equation describes the band gap shrinkage upon doping. This is due to pure 

band gap shrinkage, which can be described by a rigid shift of each band and shrinkage 

due to bandtail formafion into the band gap, as shown in Figure 4.3. 
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A shoulder at the high energ} side of the main PL peak in /7-t>pe GaAs has been 

observed [75, 77-81. 122.]. The idenfification of this peak is controversial. This peak is 

idenfified as coming from E„ + Ep [75. 122]. EF is the Fermi energy. Other identifications 

are conduction band-to-heavv hole band transition [80]. or conduction band-to-the 

bottom of impurity band of the epilayer [78], or from the substrate [27. 79. 81]. These 

discrepant identifications are mainly coming from concentration dependence of the high-

energy peak position. The blue shift of the peak as concentration increases was observed 

by Olego et al and Kim et al [75. 122]. which is different from concentration 

independent peak position observed bv Chen et al. Lu et al. and Lee cf al. [78. 79. 81]. 

Because the high energy side peak appears onlv at very high concentration range [78. 80], 

only the/7 = 1 xlO^̂ ^ cm'̂  sample showed the peak. C. at 1.479 eV in Fig. 4.1. Therefore. 

on information on carrier concentration dependence of peak position is av ailable. As a 

result, no clear identification on the peak can be made in this study. 

The peak D shows up at ^ 1.49 eV, which is 18 meV lower that the energy of 

peak A. This peak appears when peak A shows up. Therefore, this peak is considered as 

coming from the substrate emission. From the peak position, peak D is considered to be 

coming from conduction band-to-acceptor impurity level transition unintentionallv 

introduced to the substrate material during the growth processes. 

The high energv tail develops at the highest concentration as shown in Fig. 4.1. 

This is coming from hot-electron PL [27]. At high doping levels, the Fermi level moves 

into the valence band and the upper lying v alence-band states are filled with holes. Due to 

the large difference in effective masses between holes and electrons in GaAs, a small 
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distribution of holes in the valence band can recombine with conduction band electrons. 

Consequently, the probability of recombination of hot electrons, i.e., those with energv 

greater than the conduction band minimum, is increased. Therefore, some of hot electrons 

contribute to luminescence before they are thermalized, resulting in a high energv tail. 

4.2. Photoluminescence from annealed GaAs:C 

Carbon doped GaAs samples are annealed at temperature 350 °C ~ 850 °C. The 

surface of samples annealed at low temperature does not show difference from that of 

unannealed samples, but, samples annealed at 750, or 850 °C were covered with white 

powder which is considered as As related material. Black pits show up on the surface of 

the samples annealed at high temperature. To investigate the surface of unannealed and 

annealed samples, optical micrographs are taken as shown in Fig. 4.4. Fig. 4.4 (a) and (b) 

are. taken from unannealed /7 = 4.3 x lO'*̂  cm'"' and /7 = 1 x 10̂ *̂ cm"̂  samples, 

respectively. Fig. 4.4 (c) and (d) are from annealed samples. There are black spots on the 

surface of unannealed samples, and the number of the spots is increasing as the carrier 

concentration increases. The number and size of them increases drastically upon 

annealing as shown in Fig. 4.4 (c) and (d). 

The PL spectra taken from annealed p ^ 1 x 10 cm" sample are shown in Fig. 

4.5. The PL spectra taken from/7 = 4.3 xio'*^ cm"̂  and p = 5.3 xio'*^ cm'̂  samples under 

850 °C, 1 hour annealing are similar to those of/7 = 1 xlO" cm'' sample following the 

same anneal. The intensity of peak B is drastically decreased. The strong decrease in PL 

intensity might be due to the hole concentration reduction [98] and the formation of 

nonradiative recombination centers [98, 100] induced bv annealing. As mentioned in 

65 



^ ^̂ 1 

^^^^^^^^^^^^^^^^^K^;"''-'y 

^^^^^/k '^' 

-.^.ikiit^i^Z* 

3Hi 
20 |am 

(a) (b) 

Pyramids 
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cm'̂  and (b) p = 1 x 10̂ ° cm'̂  samples, and annealed {z)p = 4.3 x 10''̂  
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section 4.1, the intensity of peak B is proportional to carrier concentration. The annealing 

causes hole concentration reduction, and this reduction might result in PL intensity 

decrease. The hole concentration reduction upon annealing will be discussed in more 

detail in Chapter V. The hole density reduction alone cannot explain the drastic decrease 

in PL intensity. The hole density reduction based on Raman spectra of unannealed and 

annealed (850°C, 1 hour)/? = 1 xlO^^ cm"̂  sample in Fig. 5.13 is much smaller than that 

based on PL spectra in Fig. 4.1. The hole density estimation based on Raman spectra will 

be discussed in section 5.3. Therefore, the annealing might cause the formation of 

nonradiative recombination centers. Fushimi et al [98] found the luminescence lifetime 

(fecrease with high temperature annealing, indicating more recombination centers. As one 

of the nonradiative recombination centers, misfit dislocation caused by strain relief was 

suggested [100]. However, the PL intensity reduction was not alleviated by reducing the 

layer thickness below the critical thickness, he, or adding indium to increase he above the 

layer thickness [128]. This result suggests that the strain relief via misfit dislocation 

formation is not responsible for the PL intensity reduction upon annealing. One of 

compensation centers, Coa, is introduced to explain the hole concentration and PL 

intensity reduction. Watanabe et al. [129] observed peak around 1.148 eV from 

unannealed and annealed carbon doped GaAs. The peak becomes more intense upon 

annealing. They proposed that this peak is related to Ga vacancy + Coa donor center from 

its energy [130] and proposed the intensity of the peak as the index for the concentration 

of compensation centers such as Coa donors. The peak was not observed from the 

samples studied in here. Therefore, based on their proposal, carbon compensation via Cca 

is negligible in the annealed and unannealed samples studied in here. Carbon 
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precipitation in annealed samples is observed from Raman spectroscopy studv which is 

discussed in section 5.4. The radiation efficiency drops bv an order of magnitude when 

the precipitates become detectable by transmission electron microscopy (TEM) for /7-tvpe 

GaAs doped with Se or Te with « > 3 x lO'^ cm'̂  [9. 131]. Therefore, carbon precipitates 

are suggested for nonradiative recombination centers causing the PL intensitv' reduction. 

4.3. Summary 

Photoluminescence spectra are studied for heavily carbon doped GaAs. Due to the 

energy dependent absorpfion coefficient and the thin epilayer thickness, emission from 

the substrate was observed. The main peak from the epilayer is attributed to band-to-

acceptor band transition. The peak is broadened and redshifted as carrier concentration 

increases. The broadening is attributed to non k -conserving process, band tailing, and 

high energy tail at very high carrier concentration. The redshift is due to bandgap 

narrowing caused by doping. PL intensity from annealed samples is drastically decreased. 

Carrier concentration reduction and the formation of nonradiative recombination centers 

are suggested as the cause of the behavior, and carbon precipitates observed in Raman 

spectra are suggested as the possible nonradiative recombination centers. 
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CHAPTER V 

RAMAN SPECTROSCOPY OF HEAVILY CARBON DOPED GAAS 

Raman spectra from heavily carbon doped GaAs are taken with three different 

excitafion energies: 2.71 eV, 2.54 eV, and 2.4leV. Line shapes are found to be 

insensitive to photon energy over this range. The relationships between hole 

concentration/7 and the intensity and energy shift of the LOPC mode are investigated. It 

is found that this mode, as well as the LO phonon, red shifts below the respective TO-

and LO-phonon energies in bulk GaAs. The CAS LVM intensity increases in direct 

proportion to p. This intensity measurement is compared with those of the more easilv 

studied LOPC band. 

5.1. The CAS local vibrational mode 

Raman spectra are shown in Figure 5.1 over the CAS LVM range for bulk GaAs 

and the 4.87 x lO'^cm'^ 7.54 x lO'̂ ĉm"̂  and 1 x lO^Vm"^ samples. The LVM intensity 

increases with increasing p. These spectra are normalized with respect to 2T0 overtone 

intensity, and the rafio is plotted in Figure 5.2. The 2T0 overtone intensity is used as an 

internal intensity standard for comparing spectra from sample to sample because it is 

proportional to the scattering volume, i.e., independent of/7. This procedure eliminates 

experimental difficulfies in measuring absolute scattering intensities. 

Even though carbon is introduced as an acceptor in /7-type GaAs. it ma> also 

incorporate as a substitutional donor or intersfitial. This may cause inequality between 
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carrier concentration and carbon at arsenic site concentration. The site distribution of 

carbon is determined by the surface stoichiometry, V:III flow ratio, laver growth 

temperature, and carbon and gallium source [132-134]. It is known that the carbon 

incorporation as an acceptor is higher at the lower V/III molar ratio and growih 

temperature [103, 128, 133-135]. A wide range of carbon doping concentrafions, with 

low compensafion, is obtained in OMCVD growth of GaAs using CCI4 [133]. Samples 

investigated in this study were grown at low V/III molar ratio and growth temperature bv 

using CCI4 as a carbon source. Therefore, the self-compensation and interstitial 

concentrations should be small and the Hall concentrations close to CAS concentration. 

It is found from Figures 5.1 and 5.2 that in this set of samples, the relative LVM 

intensity ILVM/I2TO is directly proportional to the carrier concentration. This is in accord 

with Eq. 2.4 under the p « [CAS] assumption made from the sample growth conditions. 

Since only the latter contributes to ILVM, our data show the expected correlation between 

[CAS] and the measured Raman intensity. Our results on OMCVD samples are more 

intuitive than those of Wagner et al [39] mentioned in section 2.2 and validate the use of 

ILVIV1/I2T0 to calibrate substitutional-site concentrations. Unfortunately, the LVM signals 

are weak and the superposition on 2L0(r) limit their practical use for determining [CAS]-

Therefore, any effects which cause a deviation between p and [CAS] would not be 

observed with intensity vs. p we report. 

Interestingly, we find that the LO phonon also serves as a good internal intensitv 

standard. This conclusion is reached by examining the CAS LVM intensity, normalized to 

ILO- The normalized LVM intensity with respect to that of LO phonon are shown in 

Figure 5.3 (gray squares). We find direct dependence of ILVM on/7, as when the TO 
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phonon overtone intensity was used as the internal reference. This is unexpected, since 

the ''bare" LO phonon stems from the near-surface hole-depletion region. The thickness 

of the hole-deplefion layer, W, should decrease as/7 increases [136]: 

W = 
' £ V ^ 

1 - -

y2e TT pj 

(5.1) 

where VB is surface band bending. The depletion layer thickness decreases as carrier 

concentration increases, resulting in the reduction of the LO phonon intensitv. The ratio 

ILVM/ILO should therefore be superlinear, which is not in agreement with what we 

observe. We conclude from this that for extremely high /7-type doping the hole-depletion 

width is nearly constant, within the precision of these measurements. I will discuss this 

conclusion in section 5.4 in more detail. 

5.2. The Longitudinal optic-plasmon coupled band 

Raman spectra are shown in Figure 5.4 for varying carbon concentrations over the 

optic phonon energy range in the (x,y) polarizafion configuration with 2.71 eV of 

excitation energy. The positions of two vertical lines correspond to energies of TO and 

LO phonon in bulk GaAs. Two main peaks are observed in each spectrum. The bands 

exhibit the polarization properties of the LO phonon, that is, allowed in (x,y) and (x'.x'), 

and forbidden in (x,x) and (x',y') conditions. This will be discussed in more detail in 

Figure 5.5. The peak near 270 cm"' is identified as the LOPC band. This identification is 

based on the peak posifion, polarization selecfion rules, and intensity trends, as discussed 

later. The second band near 292 cm'' is the GaAs LO phonon mode coming primarily 

from the near-surface, hole-deplefion region [62, 65, 137]. Both bands are svmmetric. 
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and fit well by Lorentzian line shapes with widths ranging between 8 and 10 cm''. These 

shapes vary little across the full range of/? studied, showing no significant as>mmetry as 

is characterisfic of the LOPC at lower carrier concentrations [51, 59. 65. 67]. 

The intensity of the LOPC mode exceeds that of the LO phonon band in each 

spectrum shown (high p). This is in contrast to the Raman spectrum from undoped GaAs 

for backscattering along this crystal axis, which is dominated bv the LO phonon at 292 

cm' , and exhibits only weak forbidden scattering from the TO line near 268 cm'' due to 

experimental factors [138]. Two trends are clear in Fig. 5.4. First, the LOPC band 

intensity grows with increasing doping. As we discuss later, this is in direct proportion to 

the carrier concentration. The second trend in Fig. 5.4 is that both bands red shift at 

extremely high p. Over the range ofp studied here, the LOPC and LO lines shift bv - 6 ± 

1 cm" and - 5 ± I cm'', respecfivelv, below the TO-phonon (268 cm"') and LO-phonon 

(292 cm" ) energies in undoped GaAs. Red shifts of the LOPC band have also been 

reported in GaAs doped with Zn [51, 66], Be [52], and Ge [67]. 

To better understand the phonons in GaAs:C, we also examined forbidden 

scattering across the range of carrier concentrations in Fig. 5.4. Figure 5.5 shows spectra 

for the 2.3 x lO'^ cm'̂  and 1 x 10"*' cm"' samples in both allowed and forbidden 

scattering, obtained using 488.0 nm excitation. Spectra for the allowed (x.v) and (x'.x') 

conditions were the same for each p. Likewise for the (x,x) and (x'.v') forbidden 

polarization conditions. The forbidden LO phonon was not observed in Fig. 5.5. 

Therefore, the surface field effect is considered negligible according to Table 2.3. Since 

the band we measure near 270 cm"' exhibits the polarization properties of the LO phonon, 

we believe it to be the LOPC band rather than TO phonon scattering. Enhanced scattering 
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by TO phonons (e.g., when due to the presence of impurities in high concentrations), 

which are forbidden in backscattering along the (001) axis, should be seen in all 

polarizations. Under these circumstances, we would also expect broadening of the TO 

and LO bands. The symmetric lineshape observed in this carrier concentration range is 

consistent with experimentally and theoreticall> established trends in />t>pe GaAs |51, 

59. 60, 62]. At lower;; in Fig. 5.5 (a), the forbidden ''LOPC" mode is slightlv narrower 

than in the allowed configuration, and the two lines are closer in intensitv. This band, 

when observed in forbidden scattering, is most likelv a superposition of the TO phonon 

and the LOPC band. At higher/?, as shown in Fig. 5.5 (b), the forbidden LOPC band 

dominates in all polarizations, since the band positions and shapes are identical. The 

experimental equivalence between spectra taken in the (x,y) and (x'.x') and in the (x.x) 

and (x',y') configurations agrees with what is reported bv Irmer ct al. [51 J. In 

backscattering along the (001) surface with (x',x') configuration, the deformation 

potential (DP), electro-optic and charge density fluctuation contribute to the LOPC 

intensity, while with (x,y) polarization only DP and electro-optic mechanisms contribute 

[51]. Irmer et al. could not measure any remarkable difference in (x',x') and (x,y) spectra 

and conclude from this result that DP and electro-optic scattering dominate over the 

charge density mechanism in this carrier concentration range. Peak energies in allowed 

and forbidden scattering geometries red shift along the same trend established in Fig. 5.4 

with 457.9 nm excitation. Our measurements do not permit us to conclusivelv determine 

the TO phonon energy in our samples. 
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The Stokes Raman scattering rate by LOPC mode, Is(co), can be written in the 

long-wavelength limit by taking into account both allowed deformation potential and 

electro-optic contribution as [62]: 

2 i 2 [a),^;-(\ + C)-co'] 
h (^) °c {n, +1) ^ •^> - ^ - -• Im 

{(o„, -co y 

( - 1 > 

(5.2) 
£{C0) 

where s((o) is the total dielectric function of the coupled system given by Eq. 2.24. «(,, is 

the Bose-Einstein function as follows: 

«» = - ^ (5-3) 
e " -1 

where ^B is Boltzmann constant. C in Eq. 5.2 is the Faust-Henry coefficient. This 

coefficient determines the relative magnitude of the atomic displacement and electro-

optic contributions [69, 139]. The value of the Faust-Henry coefficient may be obtained 

fi'om data on the relative intensity of Raman scattering by polaritons, TO phonons and 

LO phonons [54, 140, 141]. It can be written down as follows [68]: 

c= ^^^lA^xiduYs, ^3^^ 

In Eq. 5.4, e* and p are the dynamical charge and the reduced mass of the ions, 

respectively. The tensor {d%ldu) describes light scattering by the deformation potential 

mechanism, and {d%ldE) electro-optic contribution. The value of the Faust-Henry 

coefficient C, for Â xc = 488.0 nm and T = 300 K has been taken C = -0.57 [138]. The 

Im{-l/s(a))}term can be expressed as follows: 
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im<^-
£(aj) 

V coco ̂ -{CO I,;" -co')- +y{c),,,- - co,,;){V-aj' - (o')-y'Va)\')/ 
* = • _ l l _ _ _ • £ 

[co^icoj,,' -cD-)-co^'{cOn,' -co') + :.^co-]- ^[Yoj{co,,l^ -(')-)^ yoAo) ' - cr )f 
p 

By substitufing Im|-l/8(co)} into Eq. 5.2. /s<0)) takes the following form 

ISco)r.^in +1) coVco;[co,Ji\^C)-co'-Y 

[co-{co,,y - CO') - CO ̂ y {con,' -co-) + yrco-]- +[Tco{co,,,' - co') ^ yoA co ̂ y -co')]' 

(5.6) 

In this relation, y-dependent terms in the numerator are neglected because the phonon 

damping, y, is comparafively smaller than the plasmon damping f. 

Figure 5.6 represents the calculated Is(co). The parameters used in the calculation 

are shown in Table 5.1. Normalized Raman rates are grouped with the same plasmon 

damping constant, f. At small F, two LOPC modes are clearlv visible, and their 

behaviors as a funcfion of plasmon frequency coincide with what is described in Fig. 2.5. 

At high r , only one LOPC mode is detected. Its FWHM and asymmetry decrease as o),, 

(> 500 cm'') increases. 

Figure 5.7 represents the calculated Is(o)) which is grouped with the same plasmon 

frequency. At low plasmon frequencv, the shape and peak position of higher branch 

LOPC modes do not change as F increases. This trend is changed for ^ Wp. The shape and 

peak position of LOPC modes change drastically. And this trend is reversed again in 

higher plasmon frequencies. At cOp = 1500 cm"', the LOPC mode shows up near wjo, and 

its FWHM increases slightly as (Op increases. 

At carrier concentration < 2 x 10 cm'' published lineshapes vary drasticallv. The 

lineshape of the LOPC band has been interpreted using the DP and Frohlich electron-

phonon interaction mechanisms [51, 59, 62. 64, 144]. In our measurements for verv high 

81 



a 

0^ 

s 
o 

^^ V' v/ 

a)p=100cm-i 
cOp =500 cm-» 

cOp^lOOOcm-
o)p=l$POcm"^ 

r - l O c m -

r =100 cm-

r =500 cm-i 

r =1000 cm-

..JXJXJ 
ACiCi 

r\j\j ^nn KJKJKJ 

Raman Shift (cm"̂ ) 

pimir<=» S 6' Xhp P s ^ s p *̂ GSttenn*̂  rste cslculsted b^' En. 5 6 S^^ t̂r.̂  ?>vf 
r r ropt^pH b v +hp c.Qrnf nl .^c.rnot l H.i»m»^'t1fT POtlc.t.Jint 

82 



Table 5.1: List of parameters used for Eq. 2.24 and Eq. 5.6. 

Simbol 
Ooo 

nihh* 

mih* 

Y 

COLO 

COTO 

T 
^ Reference 142. 
''Reference 143. 

Description 
High-fi"equency 

dielectric constant 
Heavy-hole effective 

mass 
Light-hole effective 

mass 
Phonon damping 

constant 
LO-phonon frequency 
TO-phonon fi-equency 

Temperature 

Value 
10.89" 

0.50mo^ 

0.076mo^ 

2.5 cm"' ^ 

292cm'' 
268cm"' 

300 K 

83 



a 
0̂  

s 
O 

—r =10 cm-i 
- r =100 cm-' 
- r =500 cm-1 
r=iooocm-i 

CO =100 cm-' 

COp =500 cm-' 

co„=1000cm-' 

CO =1500 cm-' 
2 I 

200 300 400 500 600 
Raman Shift (cm" )̂ 

Figure 5.7: The Raman scattering rate calculated by Eq. 5.6. Spectra are 
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carrier concentrations the LOPC lineshape shows no systematic variation with carrier 

concentration as shown in Fig. 5.4. This is consistent with what is observed and expected 

based on other studies [51, 62, 66, 145]. This behavior makes no svstematic information 

to be drawn from the lineshape analysis. Therefore, we focus our attention on the LOPC 

mode energy which shows a systematic shift in our experiments. Figure 5.8 summarizes 

changes in the peak positions of the LO phonon, which is believ ed to come from the 

depletion region, and the LOPC band versus carrier concentration. The solid squares are 

our data. Included in Fig. 5.8 (a) is the result from GaAs:Be [145] for the LO mode and 

in Fig. 5.8 (b) are the results from GaAs:Zn [51] and GaAsiBe [52] for the LOPC mode. 

The solid line is a fit to my data in Fig. 5.8 (a). The redshift for our samples agrees with 

what has been established for Be doped GaAs [52] but is larger than that of Irmer et al. 

for Zn doped GaAs [51]. Interestingly, both the carbon and beryllium doped GaAs show 

stronger red shifting in both data sets in Fig. 5.8 (a) and (b). The data in Fig. 5.8 (a) 

suggest that it shifts more for small atom substitutional doping than in the case of GaAs 

doped with Zn which is in the same row of the periodic table as Ga and As. 1 suggest 

below that LO phonon red shift must be taken into account in treating the LOPC energy. 

The LOPC mode red shift is explained bv considering the dielectric function of/?-

type GaAs, s(o3) [51, 52]. The dielectric function is well described by the sum of a 

Lorentzian form for phonons and a Drude form for free carriers as shown in Eq. 2.24 [52-

54, 57, 58, 60-64]. The plasma frequency, Wp, in Eq. 2.24 is defined as 

CO,, = — ^ ( 5 . 1 ) 
£.^m„ 
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Figure 5.8: LO phonon (a) and LOPC band (b) positions vsersus hole concentration 
(457.9 nm excitation). The solid squares represent our data while data tor Zn and Be 
doped samples are included as diamonds and circles, respectivelv. (a) The solid line is a 
linear fit to the GaAs:C data, (b) The upper curve is from Eq. 2.24 with the parameicis 
listed in Table 5.1. The lower curve includes the optic-phonon softening implied bv the 
data in (a). 
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where p and mn* are the free hole density, and the average effective hole mass. In this 

form, E(CO) accounts for one carrier type with plasma and phonon damping [51]. Solving 

for the roots of 8((o) gives the frequencies of the LOPC modes. The real part of the 

complex root is the mode frequency and the imaginarv part is the mode damping, not 

necessarily identical to y or F [63]. Parameters used in solving the equation are 

summarized in Table 5.1. The average effective hole mass is estimated to be mh*=0.38m() 

by using [146] 

with respective light and heavy hole masses in Table 5.1. The plasmon damping constant 

F in Eq. 2.24 can be estimated from 

r = i = - ^ (5.3, 

where T is the carrier relaxation time averaged over all scattering mechanisms, and \.i is 

the mobility of free carriers. The concentration and the mobility of the free carriers can be 

obtained by analyzing the frequency and bandwidth of the LOPC modes [62, 147]. In the 

case of n-type semiconductors no significant differences between the opticallv 

determined concentration n and mobility p and the results of electrical Hall and 

conductivity measurements were reported [54, 56, 57. 147]. Inp-type semiconductors the 

carrier concentrafion p and the mobilit> p differ from the electricallv obtained values bv 

P = rHPH 

j,t = ^ (5.4) 
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where p^ and Ĥ are the Hall carrier concentration and the Hall mobility, respectively, 

and YH is the so-called Hall factor. Hall factor might be come from the fundamental 

differences between carrier mobility, which can be determined by an optical 

measurement, and Hall mobility [52]. That is, by electrical measurements only mobility-

weighted carrier concentrations are obtained, whereas the optical characterization is 

sensitive to the total carrier concentration and to an average mobility. The discrepancy is 

attributed to the fact that the carrier mobility is calculated from average relaxation time 

which is a dynamical one, i.e., for co « cOp, whereas the Hall mobility is at co=0, that is 

static one [61, 62]. When both acoustic phonon scattering and ionized impurity scattering 

mechanisms contribute to the Hall mobility, the resultant damping constant YH is given by 

the following equation [56]: 

3n^ e 3\57r e ._ _. 

8 ^1, Mac ^12 m„ //. 

where pac and pi represent the Hall mobilities of acoustic phonon and ionized impurity 

scattering processes, respectively, when each mechanism is present alone. If the 

scattering by acoustic phonons is dominant, YH = 37c/8 « 1, and if the impurity scattering 

is dominant, YH = 3157c/512 » 2. Irmer et al [51] estimated the effective Hall factors 5.14, 

2.02, and 1.11 for polar-optic mode scattering, deformation scattering, and ionized 

impurity scattering, respectively. In each case, only one dominant scattering mechanism 

is assumed. As shown from the above incoherent discussions on the Hall factor, the Hall 

factor for holes is difficult to measure or calculate. Effective Hall factors between 1 and 

3.8 in/7-type GaAs were theoretically expected and experimentally measured [61, 147-

152]. In this study, a value of YH =19 is used to explain data. The plasmon damping 
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constant used in solving 8(co)=0 ranged between 560 and 690 cm', based on the effective 

hole mass carrier concentration dependence [153]. This effective mass increase with 

carrier concentration is discussed by Mlayah et al in discussing beryllium doped GaAs 

system [62]. They attributed this behavior either to nonparabolicity of the valence bands 

structure since the Fermi level is below the top of the valence bands, or to changes in the 

band edge and density of states induced by carrier-carrier and carrier-dopant ion 

interactions [18, 62]. 

The curves in Fig. 5.8 (b) are calculated using Eq. 2.24. The upper curve is 

calculated using fixed COLO and ©TO values (Table 5.1). This curve shows good agreement 

^th the data of Irmer et al for GaAs:Zn [51] but poor agreement with our data on 

GaAs:C and the GaAs:Be study of Fukasawa et al [52]. We incorporate the systematic 

red shifting of the GaAs:C phonons in the lower curve in Fig. 5.8 (b). This is done for 

both the TO and LO phonons using the shift rate of the solid line in Fig. 5.8 (a) rather 

than fixed phonon energies in Eq. 2.24. Agreement with our data, and those from 

beryllium-doped GaAs, is excellent. 

The LOPC peak position, for varying /?, is calculated by solving Eq. 2.24 for the 

roots of 8(co). We obtain good agreement with Irmer et al [51] for the LOPC positional 

dependence on p with fixed cojo and COLO- Their model determined the LOPC energy 

based on expressions for the calculated Raman intensity using both DP and Frohlich 

scattering mechanisms. The good agreement between their calculation of the LOPC 

energy vs. p and mine indicates that the dielectric function roots are adequate for 

modeling the LOPC mode position. 
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Several factors influence the optic phonon (and consequentlv the LOPC) energies. 

The first factor is plasma screening of the macroscopic electric field produced by the LO 

phonon [45]. At very high plasma frequencies the longitudinal field is screened and the 

LO phonon energy approaches that of the TO mode. This carrier screening effect is used 

to explain LOPC mode Raman shift in highh beryllium doped GaAs svstem bv Mlavah 

et al. [62]. Even though carrier screening effect can explain LOPC mode red shift, it can 

not explain LO phonon mode red shift because this effect should not be a strong factor in 

the depletion region, where the plasma density is low. The second factor is a self-energ> 

effect [144] which has been used to describe the red shift seen in allowed scattering bv' 

TO phonons in heavily Zn doped GaAs. At low temperatures, this red shift is 

accompanied by a Fano lineshape to the TO band. The Fano effect stands for the change 

from symmetrical to asymmetrical phonon line shapes due to interference between a 

discrete state and a continuum. Examination of the allowed TO band, at reduced 

temperature, would be helpful to understand any similar effect in carbon doped GaAs. A 

third factor which can induce a phonon red shift is impurity scattering [144]. This effect 

can activate k ^0 vibrational modes which are broadened, asymmetrical and shifted 

[62]. In our data, LO phonon and LOPC mode lineshapes are symmetric and do not varv 

for the carrier concentrations studied (Fig. 5.4). This implies that impurity scattering is 

weak in our samples. The fourth, and last factor which is naturally suggested by Fig. 5.8, 

is a dopant size effect. Since carbon and beryllium are both small atoms relative to 

gallium and arsenic, we interpret this as support of our suggestion that substitutional-

atom size plays a role in the vibrational spectrum of GaAs when heavily doped with these 

elements. Estimation of the carbon size effect, assuming an analogy with GaAsN alloys 
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[16] yields a total shift of ^ -0.3 cm"' at a carbon concentration of 1 x 10~*^cm"\ Since 

this only accounts for a small part of the needed -5 cm"' to describe our calculated curve 

in Fig. 5.8 (a), either the analogy with GaAsN is not correct or there are other factors 

influencing the observed red shift. Of these four factors, onlv the size effect is expected 

to be different when comparing carbon or beryllium doped GaAs with zinc as the dopant 

impurity. Unfortunatelv. the simple strain calculation does not adequately describe the 

observed red shift in the LO and LOPC bands. We cannot rule out the possibilitv that the 

size effect amplifies one or more of the other factors, such as impuritv scattering- through 

local strain. However, we have no further evidence that this is the case. The differences 

between the data sets for small and same-size impurities in GaAs. as summarized in Fig. 

5.6, require further work to become better established and understood. 

We now turn our attention to the intensity of the LOPC mode. Fig. 5.3 presents 

ILOPC'TLO data versus p on a log-log scale. Also included in Fig. 5.3 are data from GaAs 

doped with beryllium [52, 62. 65] and germanium [67] each in the same hole 

concentration range. Agreement between the trend in Fig. 5.3 at high carrier 

concentrations and in the lower range further substantiates our identification of the band 

near 270 cm"' as the LOPC mode. At low p the TO phonon and LOPC band are fullv 

resolvable. Thus, the intensity rise with carrier concentration below ~ 10 cm' is not 

enhanced TO phonon scattering. Although the TO and LOPC are not resolved at high p. 

there is no reason to expect any enhancement of the TO band to follow the same intensitv' 

trend as the LOPC line. I note here that the LOPC in zinc doped GaAs showed the same 

trend as the data in Fig. 5.3, slightly displaced to higher LOPC intensities [51, 66]. 

Variations between data sets may stem from the varietv of excitation photon energies 



used in the literature and polarization configurations. These data establish the intensity 

ratio ILOPC/ILO as a non-destructive, Raman (optical) method for assessing high hole 

concentrations in GaAs. This is far superior to using the LVM intensity due to the 

comparatively strong intensities of the first-order Raman spectrum. 

The basic agreement between the LVM intensity and ILOPC/ILO dependence on/? in 

Fig. 5.3 indicates that the latter ratio is directly proportional to carrier concentration. Our 

LVM intensity results suggest that the LO phonon intensity varies little over the range of 

p we studied. This weak dependence of ILO on/? (for high/?) has been reported previously 

for GaAs:Zn [66] and GaAs:Be [137] and will be discussed in section 5.3. 

5.3. Discussion of the LO mode intensity 

The above arguments rely on the use of the LO phonon as an internal intensity 

standard. That is, ILO is independent of p for/? >1 x lo'^ cm'^. In heavily doped p-type 

GaAs, the Fermi level in the epilayer is very close to or below the valence band 

maximum. The Fermi level at the surface is pinned at the mid gap due to surface states, 

leading to band bending [12] as shown in Figure 5.9. The surface band bending results 

fi-om the fact that in equilibrium the Fermi level must remain constant from the epilayer 

to surface [1, 12]. The band edge must then vary as depicted in the Fig. 5.9, resulting in a 

surface hole depletion region in this case. It is generally accepted that the bare LO 

phonon intensity stems fi-om the hole-depletion region. For our samples, we estimate that 

hole-depletion region thickness, W, ranges fi-om 3.1 (for/? =1x10^^ cm'^ sample) to 5.8 

nm (for/? = 1 x 10 cm' sample) based on Eq. 5.1. As for the low fi-equency dielectric 

constant, 8o = 12.85 is used [142]. The surface band bending VB was calculated based on 
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Figure 5.9: The Fermi level at the epilayer is very close to or under the top 
of valence band, and is pinned at the midgap at the surface. The Fermi 
lev el should be a straight line under equilibrium condition, resulting in the 
depletion region near the surface. 
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the values of Fermi level at the surface which is 0.5 eV from the top of valence band 

[154] and bulk Fermi level posifion for different carrier concentrations [76, 155J. Thus, 

the intensity should have a scattering-volume (length) term 

K 

0 

where a = a{hcoi) « a{tico^) is the optical absorption coefficient at the incident- and 

scattered-light photon energies [118]. The final approximafion in Eq. 5.6 is for W « 

l/(2a). If this relation holds, then ILO should diminish by a factor of ^ 2 over our range 

of/?. Evidently, variation in the depletion-region thickness is not sufficient to influence 

the LO band Raman intensity. Indeed, measurements of the absolute LO phonon intensitv 

in GaAs:Zn show only a weak dependence on p in the 1 x lO'*̂  to 1 x 10"" cm'' range 

[66]. The ILO saturation is also observed from Be doped GaAs [137] consistent with our 

conclusion that the depletion width saturates at high p. This limitation on the depletion 

width may be partially attributed to surface effects which become important with such 

narrow hole-depletion regions. Surface states (of the GaAs or the native oxide), for 

example, may play an influential role in determining the nature of the hole-depletion 

region for extremely small values of W. 

5.4. Raman spectroscopy from annealed GaAs:C 

Raman spectra are taken from annealed samples. Figure 5.10 compares Raman 

spectra taken from unannealed and annealed /? = 4.6 x 10 cm"' samples. Samples are 

annealed during 1 hour at different temperatures ranging from 350 to 850 °C. Raman 

,19 -3 spectrum from unannealed p = 4.6 x 10 cm sample shows LO and LOPC mode peaks 
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and another near 223 cm"'. The peak near 223 cm"' is one of Ar plasma lines used for 

calibration. 

The series of Raman spectra in Fig. 5.10 shows very interesting features. From the 

low wavenumber, the intensity and/or FWHM of 200, 223, 258, and 270 cm*' peaks show 

strong dependence on aimealing temperature. The intensity of 200 and 258 cm' peaks 

increases as annealing temperature, Ta, increases up to 750 °C. The intensity decreases if 

Ta is higher than that. The peak near 223 cm"' is broadened at high Ta Raman spectra as 

shown in Fig. 5.10 (f) and (g). The FWHM of peak near 270 cm"' decreases at high 

temperature aimealing as shown in Fig. 5.10 (a) and (g), and the position of the peak is 

blueshifted at high Ta. The peaks at 200 cm' and 258 cm"' are suggested as arising from 

microcrystalline arsenic which is clustered upon annealing between 300 and 600 °C 

[156]. When samples are aimealed, Ga is preferentially oxidized, leaving As behind 

[157]. This might be due to not enough purging the annealing chamber before annealing. 

Crystalline As has rhombohedral structure and Djd symmetry [157]. The peak 

identification is based on comparison between various III-V semiconductor Raman 

spectra, polarization selection rule and peak position. The frequencies of the peaks are 

almost the same as those for the doubly degenerate Eg modes (195 cm"') and the A|g 

mode (257 cm"') of crystalline arsenide. The weakening of the peaks at 200 cm"' 258 cm"' 

was observed after the 600 °C annealing [156]. The peak around 223 cm"' in Fig. 5.10 (c) 

- (e) is considered as one of Ar plasma lines as identified in Fig. 5.10 (a). However, the 

peak in Fig. 5.10 (f) and (g) is not due to Ar plasma lines. The peak is attributed to the 

mode of As precipitate [156]. It is very interesting that the weakening of 200 and 258 

cm' peaks happens synchronously with the strengthening of 223 cm' peak. This 
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suggests that the As cluster makes precipitate as Ta increases. Finally, the peak near 270 

cm' in Fig. 5.10 (g) is considered as mainly forbidden TO phonon, even though the peak 

near 270 cm"' in Fig. 5. 10 (b) is the LOPC mode. This identification is based on the 

FWHM and position of the peak, and comparison with Raman spectrum taken from 

annealed pure GaAs as shown in Fig. 5.11. 

ILOPC/ILO is calculated fi-om annealed samples. As mentioned before, the forbidden 

TO phonon mode intensity increases as Ta increases. Therefore, it should be subtracted 

fi-om the w 270 cm"' peak to get ILOPC/ILO It is done by fitting Raman spectra as shown in 

Fig. 5.12. ICAS/ILO and ILOPC/ILO are both decreased from annealing as shown in Figures 

5.13 and 5.14. It is not clear whether the As clustering and/or precipitation shown in Fig. 

5.10 is related to the reduction of ICAS/ILO and ILOPC/ILO because the reduction is also 

observed even when As cluster and/or precipitate peak is very weak as shown in figure 

5.13. ILOPC/ILO decrease was also observed when samples are exposed to strong incident 

laser light. To see if this change is reversible or not, samples are intentionally exposed to 

strong incoming light, and then, the incoming light was blocked for 30 minutes. The 

initial ratio was not recovered. After this observation, the laser power was limited to low 

(« 20 mW on a spot ~ 10 pm diameter). Even though ILOPC/ILO decreases for three 

different samples, the decrease is more drastic for higher carrier density. Because the 

ratio change for lower carrier concentration is small, it seems like that ILOPC/ILO is 

approaching a certain value. As suggested in section 5.2, ILOPC/ILO is proportional to 

carrier concentration (Fig. 5.3). Therefore, the observed behavior of ILOPC/ILO mentioned 

abqve implies that carrier density reduction is enhanced for high hole density samples, 

and the carrier concentration of annealed sample approaches to a limiting/? of 6 x lO'̂  
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l-igure 5 11: Raman spectra taken from (a) unannealed and (h) annealed bulk (ia.As and 
(c) unannealed and (d) annealed/? = 4.6 x 10' cm'"' samples. .Annealing condition is (S5() 
''C and 1 hour. 
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Figure 5.12: Raman spectra taken from annealed /; - 4.6 x lo''^ cm"' samples. Sample 
are annealed 1 hour at different temperatures. Spectra are fitted with 2 ^ 4 peaks i 
calculate \\ o^ li o ratio. 
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cm" . This behavior was observed by man> other studies [97, 100, 101. 103]. even though 

different limiting carrier concentrations are suggested from these studies, ranging from 

low lO'*̂  cm"̂  [101] to 6 X lO'^ cm'̂  [100]. ILOPC/IIO normalized with respect to that of 

unannealed sample is plotted as a function of annealing temperature in Figure 5.15. 

ILOPC'/ILO is increased when the samples are annealed at low temperatures. This carrier 

concentration increase upon low temperature annealing is consistent with acti\ation of 

carbon tied up in H-CAS pairs, as studied using SIMS [97. 98, 158]. Hot]er el al. and 

Fushimi et al. observed [H] decrease as a function of Ta from SIMS profiles at Ta< 550 

°C. They also observed the expected decrease in mobility since ionized impurit\' 

scattering is increased as a result of the breaking up of H-C pairs. The hydrogen level in 

the epilayer reached the background of the SIMS instrument at Ta> 650 °C. For this high 

annealing temperature, ILOPC/ILO decreases as Ta increases. 

ILOPC/ILO decrease upon annealing implies carrier concentration reduction because 

ILOPC/ILO is proportional to carrier concentration. The carrier concentration increase (low 

temperature annealing) and decrease (high temperature annealing) behaviors are also 

published by Hofler et al. [97] and Fushimi et al. [98]. The behavior was clearly observed 

even though they used comparatively short annealing times (10 min. by Hofler et al. and 

3 min. by Fushimi et al. compared to 1 hour in my study). To investigate the annealing 

time effect on carrier concentration reduction, different anneal times (20 minutes and 1 

hour) are used for each 650 °C and 850 °C annealing. Even though ILQPC/ILO decreases 

are observed in all cases, it did not show any trend. These observation suggests that a 

significant decrease in hole concentration occurs at the early stage of anneal, and then a 

decrease slows down as the anneal proceeds [101]. 
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In Figure 5.13, CAS modes are shown with LOPC modes. As LOPC mode 

intensity decreased, ICAS is also seen to decrease in the annealed samples. These 

measurements imply that the free-carrier concentration has decreased and that the CAS 

concentration has also diminished. These two implications are consistent with each other. 

As for the carrier concentration reduction mechanisms, many processes are proposed as 

described in section 2.7. Each process can be verified by specific peak position and its 

polarization selection rule. 

To obtain more information on the carrier reduction process, Raman spectra are 

taken in the range of 150 ~ 2000 cm''. The objectives were to detect formation of carbon 

precipitations [102] and C-C [105] and H-CAS LVMS [39. 109]. No evidence of carbon at 

gallium site LVM is observed from annealed and unannealed samples in 150 ~ 700 cm*' 

range. Neither di-carbon center nor LVM of H-CAS were observed in Raman spectra 

taken in this study. Two peaks at * 1375 and * 1600 cm' from all the annealed samples 

showed up as seen in Figure 5.16. Even though those peaks show up from all of annealed 

samples, they are not uniformly observed over the entire sample surface area. To observe 

the peaks, sample surfaces are inspected with microscope and the incident beam is 

focused on black pits seen on the annealed sample surface (Fig. 4.4 (d)). This is different 

from what is observed for ILOPC/ILO. Decrease in this latter quantity is observed uniformly 

from the annealed sample surface. The intensity and FWHM of the * 1375 and * 1600 

cm'' peaks vary significantly from spot to spot, especially for the peak =5= 1375 cm'. 

Because of significant spot to spot fluctuation of the intensity and feature width, it was 
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Figure 5.16: Raman spectra taken from/? = 1 x IQ̂ ® cm ̂  sample at different spot. Sample 
is annealed at 850 "C, 1 hour. 
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hard to extract any trend on intensit\ and linewidth \ariation as a function of carrier 

concentration or annealing conditions. The two strong peaks around 1585 and 1355 cm'' 

are unambiguously assigned to C-C precipitating in the sp" phase [102]. Two peaks are 

designated as the D-band (centered between 1340 and 1390 cm'') and G-band (centered 

between 1540 and 1590 cm''), and correspond to the nano-crystalline graphite phase 

[119]. Crystalline graphite has two E20 Raman active vibrational modes. One of the E:̂  

modes is due to stretching of the in-plane bonds, resulting in a vibration at 1581 cm''. 

Finite-size disorder in graphite will be evident in Raman spectrum in se\eral wa\s. The 

first is a broadening of the 1581 cm"' mode and an upshift towards 1600 cm''. The second 

is the emergence of a band at ~ 1350 cm'', believed to correspond to a zone-edge 

vibration mode (Aig). These peaks are extensively studied, and summarized by Dennison 

[159]. From the above observations, it is believed that carbon precipitates into a 

nanocrystalline graphite phase upon annealing. The crystal size of the carbon precipitates 

can be estimated from the Raman spectra. The integrated intensit\' ratio of the D and G 

bands. ID/ IG, is a function of sp^ domain size in disordered graphite. An inverse 

relationship between domain size. La, and ID/ 1G ratio in microcrystalline graphite has 

been found by Tuinstra and Koenig [160] using combined Raman and X-ray studies: 

Z (^w) = 4.4x yj]_ (5.7) 

The size of the nanocrystalline graphite can be estimated by using D and G integrated 

intensity band ratio, IQ/ID- based on Eq. 5.7. Graphite domain size is calculated between 

3.8 and 7.9nm from the ratio ranging from 0.86 to 1.8 for annealed samples. 
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The reduction of hole density identified from liopc/Ii o decrease in annealed 

samples implies a decrease of the carbon-at-As site population. It is suggested that the 

migrated carbon is responsible for the nanocrystalline graphite, as shown in Fig. 5.16. 

Due to this migration, carrier concentration reduction is observed through out the sample 

area. This migration is accelerated at high temperature annealing, resulting in bigger 

carrier concentration reduction. The process is considered as non-re\ ersible. 

5.5. Summary 

The CAS LVM (Figures 5.1 and 5.2) is found to ha\e an intensity directh 

proportional to p, consistent with what is expected from Eq. 2.4. Both the LOPC mode 

and LO phonon are investigated in the optic-phonon regime. The LO phonon mode is 

attributed to coming from the depletion region. The LOPC mode showed symmetric 

shape in the carrier concentration range studied here. This is different from what was 

observed for /? < 2 x lO''̂  cm'̂  samples from other studies [51, 59, 62, 144]. The 

lineshape of the LOPC band has been calculated by using the DP and electron-phonon 

interaction mechanisms [51, 59, 62, 64, 144]. The calculated LOPC mode shape was 

asymmetric at low carrier concentration and more symmetric at high carrier 

concentration. Only one LOPC mode shows up in calculated LOPC lineshape under high 

plasmon damping condition. The calculated LOPC band shape shows experimentally 

observed behavior. 

In our measurements for very high carrier concentrations the LOPC lineshape 

shows no systematic variation with carrier concentration. This is consistent with what is 

observed and expected based on other studies [51, 62, 66, 145]. Therefore I focus on the 
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LOPC mode energy which shows a systematic shift in my experiments because no 

systematic information can be drawn from the lineshape anahsis. Both of LO and LOPC 

the peaks in Figs. 5.4 and 5.8 redshift between carrier concentrations of 2.3 x lO'^ and 1 

X 10 cm \ The LOPC peak position, for \arying p. is calculated by soh ing Eq. 2.24 for 

the roots of 8(o)). We obtain good agreement with Irmer et al [51] for the LOPC 

positional dependence on p with fixed cojo and (OK). Therefore, the LOPC band red shift 

is adequately described b\ a dielectric function which includes phonon and free carrier 

contributions. Howe\er, it failed to explain the LOPC mode redshift observed at \ery 

high carrier concentration in GaAs:Be [52. 145] and GaAs:C. Moreover, the red shift of 

the LO band is not fully described b> the influence of high hole concentrations on the 

dielectric function [67]. We attribute the difference to internal strain due to the relatixe 

smallness of dopants in the GaAs crystal. We must include, therefore, the softening of the 

optic phonon branches implied b\ the position of the LO phonon. By examining the 

relatixe intensities of the LOPC band and LO phonon, we find that IIOPC/ILO is in 

proportion to p. This implies that the relati\ely straightforward measurement of this 

intensity ratio can be used to estimate the carrier concentration. 

The ele\'ated temperature is inevitable in device processing, and capable of 

altering its properties unexpectedly. To understand these phenomena, se\ eral anneals are 

conducted. ILOPC/ILO decreases upon annealing, impKing the carrier concentration 

reduction. To \ erity the suggested carrier concentration reduction mechanisms in section 

2.7, Raman spectra are taken in the range of 150 ~ 2000 cm"'. None of carbon at gallium 

site LVM. di-carbon center, and LVM of H-CAS was observed. Two peaks at ^ 1375 and 

-I ^ 1600 cm" from all the annealed samples showed up as seen in Fig. 5.16. The two peaks 
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are assigned to C-C precipitates. From the observation, it is believed that carbon 

precipitates into a nanocrystalline graphite upon annealing. The crystal size of the carbon 

precipitates was estimated from the peak intensity ratio, Ii375cm-i/Ii600cm-i, and Eq. 5.7. 

High temperature (> 600 °C) anneals thus produce several deleterious side effects: 

Carrier-concentration reduction, arsenic precipitation, and carbon precipitation. While 

nitride or oxide caps can limit As expulsion from the GaAs. it is not known if carbon will 

also be kept from leaving the crystal or, more importantly, from leaving their arsenic 

sites. 
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CHAPTER VI 

SUMMARY 

To characterize ssimples, photoluminescence and Raman spectroscopy are used. 

PL study was done to get a better characterization of samples and to see if some 

complementary chemical level information could be obtained to compare with Raman 

spectra. Photoluminescence spectra in 1.3 ~ 1.6 eV range at 77 K show four peaks. Peak 

around 1.508 eV is considered as conduction band-to-valence band emission from the 

•substrate. As carrier concentration increases, the intensity of the peak decreases due to 

the carrier concentration dependent band gap energy and the energy gap dependent 

absorption coefficient. Peak B in Fig. 4.1 is attributed to conduction band-to-acceptor 

level emission from the peak position and carrier concentration dependent intensity. As 

carrier concentration increases, the width of peak B increases. From the low-energy tail 

edge the band gap energy is calculated. The band gap shrinkage in this study shows good 

agreement with the results of Borghs et al [77]. A shoulder at the high-energy side of 

peak B is observed only from most highly doped sample. Therefore, no clear 

identification on the peak can be made in this study without the information on carrier 

concentration dependence of peak position. The high-energy tail in PL spectra is 

attributed to hot-electron PL. 

Many annealing treatments are inevitable during device processing. To investigate 

how these treatments affect the physical properties of heavily carbon doped GaAs, 

annealing study is conducted. PL spectra taken from annealed samples show drastic PL 
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intensity decrease. This is attributed to hole concentration reduction and introduction of 

nonradiative recombination centers like carbon precipitates. 

Raman spectroscopy is taken to investigate lattice vibrations, which is \er\ 

sensitive to local structure, long-range crystalline order, and the effects of doping and 

their interactions with other excitations such as plasmon. Raman spectra from hea\il\ 

carbon doped GaAs show carbon at arsenic local vibrational mode, LO phonon and LO 

phonon-plasmon coupled mode in 200 ~ 600 cm'' range. The \ibration amplitude is 

localized mainly to carbon atom and its nearest neighbors because carbon is lighter than 

host atoms. The LVM intensity normalized with respect to internal reference, LTO- is 

directly proportional to the carrier concentration. This makes II.VM a carrier densit\ 

calibrator, even though its practical used might be limited due to weakness of the CAS 

LVM. 

Both the LOPC mode and LO phonon are investigated in the optic-phonon 

regime. The LO phonon mode is attributed to coming from the depletion region near 

surface. The LOPC mode is due to the interaction between the plasma oscillations of the 

free carriers and LO phonons which are related to electric dipole moment. The lineshape 

of the LOPC band has been calculated b\ using the DP and electron-phonon interaction 

mechanisms. The calculated LOPC mode shape is asymmetric at low carrier 

concentration and more symmetric at high carrier concentration, which agrees on the 

observed LOPC features. The calculated LOPC Raman scattering rate also shows one 

mode behavior observed from high plasmon damping s\ stem. 

In our measurements for very high carrier concentrations, the LOPC lineshape 

shows no systematic variation with carrier concentration. On the contrary, the LOPC 
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mode energy shows a systematic shift in m\ experiments. Therefore 1 focused on the 

LOPC mode energy because no s>stematic information can be drawn from the lineshape 

analysis. Both of the LO phonon mode and LOPC mode peaks redshift between carrier 

concentrations of 2.3 x lo'^ and 1 x 10"^ cm"" (Figures 5.4 and 5.8). The LOPC peak 

position, for varying p. is calculated b\ sohing Eq. 2.23 for the roots of dielectric 

function. £(03). The roots with fixed WTO and OLO show good agreement with the LOPC 

positional dependence o n p observed by Irmer et al [51] for Zn doped GaAs. Howe\er. 

the roots with fixed coro and COLO failed to explain larger LOPC mode redshift observed 

from Be doped GaAs [52] and carbon doped GaAs. We tentati\el> attribute the 

difference to internal strain due to the relative smallness of dopants in the GaAs cr\ stal 

because the red shift of the LO band is not fulh described by the influence of high hole 

concentrations on the dielectric function. The LOPC band red shift is adequateh 

described b\ a dielectric function which includes phonon. free carrier contributions and 

the softening of the optic phonon branches implied b\ the position of the LO phonon. B\ 

examining the relati\e intensities of the LOPC band and LO phonon, we find that 

ILOPC/ILO is in proportion to p. This implies that the relati\el\ straightforward 

measurement of this intensity ratio can be used to estimate the carrier concentration. 

The LOPC mode intensity reduces drasticalh upon annealing. Higher carrier 

concentration samples show bigger reduction in LOPC mode intensity. This implies that 

carrier concentration decreases upon annealing because LOPC intensit\ is proportional to 

carrier concentration as shown in Fig. 5.3. To understand the carrier reduction process. 

Raman spectra are taken in the range of 150 ~ 2000 c m ' . No e\idence of carbon at 

gallium site LVM. di-carbon center, and LVM of H-CAS were observed in Raman spectra 
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taken in this study. From the peaks at ^1375 and ^1600 cm"' from all the annealed 

samples, it is believed that carbon precipitates into a nanocrystalline graphite phase upon 

annealing. 
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