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ABSTRACT 

There are many different means to characterize the semiconductor materials. 

Optical methods are of great significance because they are contactless, non-destructive 

and unambiguous. Photomodulated reflectance (PR) is one of such techniques. 

In this thesis, I describe the optical setup used for PR and a custom LabVIEW 

program to control the data acquisition. In addition to this, this program also analyzes 

input data and plots spectra in real time. 

PR spectra of GaAs and GalnAs were measured to verify proper function of the 

optics, electronics, and custom program. The experiment confirmed PR spectra could be 

measured from these samples at room temperature. The energy gaps measured were in 

the 1.405 to 1.43 eV range. 
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CHAPTER 1 

INTRODUCTION 

In recent years, many new hi- and low-band gap semiconductor materials have 

been prepared. The characterization and determination of accurate band gap is of great 

importance. Many techniques are used for this purpose. Photomodulated reflectance 

spectroscopy provides accurate inter-band transition energies (band gaps) in the bulk as 

well as single-layer and multi-layer semi conducting structures and devices [1]. Opfical 

methods are of great significance, because they are contactless, non-destructive and 

unambiguous. They can be used as an in-situ method to monitor and determine properties 

of growing materials [2]. Being non-destructive, it is good for precious and rare samples 

such as production material and devices under tests. 

Knowing energy gap of the semiconductors is of great importance in deciding 

their use in devices. Semiconductors with higher direct band gaps can be used in 

manufacturing higher energy light (ultraviolet light) detectors and generators, and the 

semiconductors with lower direct band gaps can be used for low energy light (infi-ared 

light) detectors and generators. Table 1.1 [30] shows the energy band gaps (Eg) of some 

important semiconductor materials while D and I represent direct and indirect band gap 

materials. 



Table 1.1: Band gap energies (eV) of some semiconductor 
materials where D and I represent direct and indirect band 
gap materials [30]. 

MATERIAL 

C 

Si 

Ge 

SiC 

AlAs 

GaP 

InAs 

InP 

BANDGAP 

(eV) 

5.5 I 

1.124 I 

0.664 I 

2.416 I 

2.153 I 

2.272 I 

0.354 D 

1.344 D 

MATERIAL 

InSb 

CdTe 

AIN 

GaN 

ZnSe 

ZnTe 

GaAs 

Ga(l-x)In(x)As 

BANDGAP 

(eV) 

0.230 D 

1.475 D 

6.2 D 

3.44 D 

2.822 D 

2.394 D 

1.424 D 

0.360-1.425 D 

In some ternary semiconductors, if the mole fraction (x) of some suitable material 

is varied, then its band gap can be tailored according to our requirement. Figure 1.1 

shows the variation of the band gap of Lix Ga i-x As with the varied amount (x) of In [31]. 

Energy band gaps can be measured by several methods such as electromodulation 

(EM), temperature modulation (thermoreflectance TR), piezoreflectance (PZR) 

modulation and photomodulated reflectance (PR). 



Figure 1.1: Variation of the band gap of Lix Ga i.x As with 
the varied amount (x %) of In at 300 K. (After R. E. Nohra 
elal.)[31]. 

In EM, two metal electrodes are evaporated on the surface of the sample, and EM 

is produced by applying a modulating high voltage across the gap (about 1mm) between 

the metal contacts. However, this technique can only be used on the samples with 

resistivities greater than 10̂  ohm cm [2]. 

In TR, the sample may be mounted on a small heater attached to the sink and the 

temperature is varied cyclically by passing current pulses through heater. Generally, the 

modulating fi-equency for this method must be kept below 10-20 Hz and hence there are 

often problems with the signal-to-noise ratio because of 1/f noise of the detector. 

In PZR, modulation is achieved by mounting the sample on a piezoelectric 

transducer, which varies the lattice constant of the material, producing a band gap 



modulation. Although PZR is contactless, it requires special mounting of the sample. 

Furthermore, the sample could be damaged due to the stress applied to it. 

In the method of PR, modulation of the electric field in the sample is caused by 

photo-exited electron-hole pairs created by pump source (laser). We demonstrated this 

method in this thesis on GaAs and GalnAs. 



CHAPTER 2 

MODULATION TECHNIQUES 

2.1 Definition of modulation spectroscopy 

Photomodulated Reflectance (PR) spectroscopy is a technique in which dielectric 

function changes which in turn changes reflectance in response to light exposure. 

In PR, spectroscopy reflectance is measured using light at varied wavelength 

(probe light) and above band gap illumination (pump light). The change in reflectance is 

seen due to the electron-hole pair generation by absorption of photons and separated by 

an internal field such as a near surface depletion or accumulation region. 

2.2 Reflectance from electromagnetic point of view 

Figure 2.1 shows a plane wave with wave vector k and frequency co is incident 

from medium (M-1) having permeability [i and dielectric constant s. The refracted and 

reflected waves with wave vectors k" and k' are in media having |i, s and [i\ s' (M-2), 

respectively, and a unit normal n directed from medium (M-1) to medium (M-2) [35]. 
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Figure 2.1: Incident wave k strikes the plane interface 
between two mediums M-1 and M-2 giving rise to reflected 
wave k" and refracted wave k'. (After J. D. Jackson) 
[35]. 

These three waves can be expressed in terms of electric field E and magnetic field 

Bas: 

Incident E = Eo e' 

B = (^s) ' '^kxE/k (2.1) 

Refracted E ' = Eo'e '" '"" ' '" ' 

B = (^'s')"^ k' X E' /k' (2.2) 

^i k " . X - 1 CO t 
Reflected E" = Eo" e' 

B" = (^s)'^^ k" X E" /k. (2.3) 



The existence of boundary conditions at z = 0, which boundary conditions must 

be safisfied at all points on the plane at all the times, implies that spatial (and time) 

variation of all fields must be the same at z = 0. Consequently, we must have the phase 

factors all equal at z = 0, (k . x)z = o = (k'. x) z = o = (k" . x) z = o independent of the nature 

of the boundary conditions. We see immediately that all three wave vectors must lie in a 

plane. 

k sin i = k' sin r' = k" sin r". (2.4) 

Furthermore, i = r" (angle of incidence is equal to angle of reflection), the wave numbers 

have magnitudes k'= (B/c(^'s')"^ k" = k = oi)/c(̂  s ) ' ' \ n'= (H'S ')"^ and n =(^ £)''l 

Snell's law can be deduced by plugging in these values into equation (2.4) as: 

sin i/sin r = k'/k = (|i'8'/n s)''^ = n'/n. (2.5) 

If the electric field is parallel to the plane of incidence as shown in the Figure 2.2, the 

boundary conditions involved are normal displacement vector D and tangential E and H. 

The tangential E and H to be continuous demand that [35] 

cos i (Eo - Eo") - cos r Eo' = 0 (2.6) 

(8/^)'''(Eo + Eo") - (sV^')'^'(Eo') = 0. (2.7) 



The relative amplitudes of reflected field f = Eo"/ Eo can be given as [35]: 

Eo"/ Eo = [(^/p') n'^ cos i - n (n'^ - n' sin' i)] / 

[(|.i/|a') n " cos i +n (n' - n ' s i n ' i ) ] . (2.8) 
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Figure 2.2: Reflection and refraction with polarization 
parallel to the plane of incidence. (After J. D. Jackson) 
[35]. 

For normal incidence i = 0, which corresponds to our experimental setup and using n'= 

(l^'s')"'^ and n = (î  zf^, equation (2.8) reduces to 

f =Eo"/Eo= (n '-n)/(n '+ n) (2.9) 

1/2 1/2 
and f = Eo"/ Eo = W s'/^ s) " ' - 1] / [(p's'/^i s) " ' + 1]. (2.10) 



Taking n =1 (refractive index for air as is in our case), gives: 

r - E o 7 E o = (n ' - l ) / (n ' + l). (2.11) 

The reflecfivity is then given by 

R = f * f= | ( l - n ) / ( l + n ) | ^ (2.12) 

Substituting fi = n ik in terms of refractive index n and extinction coefficient k in 

equation (2.12) gives 

R = [(1-n)' +k'] / [(1+ n)' +k']. (2.13) 

Reflectance measurements of bulk GaAs [2] are shown in Figure 2.3. Notice that 

at the band gap of GaAs near 1.43 eV, there is no significant amount of peaks as 

compared to the results of modulation spectroscopy (electroreflectance measurements). 

Thus reflectance measurements are generally not suitable for finding the energy band 

gaps of the materials. 
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Figure 2.3: Comparison of room temperature reflectance 
(upper curve) and electroreflectance measurements (lower 
curve) of bulk GaAs. (After F. H. Pollak et al.) [2]. 

2.3 How above energy gap illumination changes dielectric 

constant 

In the case of bulk (intrinsic) samples, the conduction and valence band are 

separated by energy gap having fermi level at the center of the gap but in the case of the 

doped samples there is band bending near the surface of the sample due to the built-in 

field. If the sample is p-type, then fermi level lays near valence band; but if it is n-type, it 

lays near conduction band. 

10 



As illustrated step-by-step in Figure 2.4, band bending at the surface of the 

sample is increased by the photo-generated electrons and holes. Thus the built-in field is 

also increased due to the extra electrons and holes generated by absorption of above 

energy gap illumination. 

Vacuum 

1i©>Eg 

Material (n-type) 

Epn 

Epp 

' \ . 

< — • 

EF 

Depletion width 

Figure 2.4: Step-by-step illustration of band banding and 
creation of depletion region at the surface of n-type sample. 
Also demonstrates the photo-generated electron and hole, 
which varies field. 
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Figure 2.5 shows the relation between intensity and depth into GaAs according to 

I = Ioe (2.14) 

where I is the intensity of light in the sample, lo is the intensity in the free (vacuum) 

space, a is the absorption coefficient of the sample and x is the depth of the sample. 

Taking the value of absorption coefficient (a = 34450cm"') [37] at illuminafion 

wavelength X = 651.3 nm (near laser illumination in our case), the optical penetration 

depth (1/a) is calculated as 0.2903i^m. 

Optical penetration depth for QaAs = 0.290276B06 micrometer 

6.00E-05 

depth (x) m 

Figure 2.5: Relation between intensity and depth of the 
sample using absorption coefficient a = 34450 cm''[37]. 
From which optical penetration depth is also calculated. 

12 



Equations 2.15(a) and 2.15(b) illustrate the effect of extra carriers on the field. 

Before illumination F = e Na Xd /e (2.15-a) 

After illumination F+AF = e (Nd +AN) Xd /s. (2.15-b) 

where AN is photo-exited carrier concentration, Nd is doping concentration, Xd is 

depletion width, and 8 is the dielectric constant of the sample [36]. This variation in buih-

in field causes variations in opto-electrical energy h6 (optical energy generated by 

electric field due to the excited electrons) related to it by 

he = [ e ' F ^ h ' / 2 ^ ] " \ (2.16) 

where F is the electric field and l/|a = 1/me + 1/ mh is the reduced inter-band mass in the 

direction of the field, (where me and m^ are the masses of free electron and hole.) The 

opto-electrical energy in turn related to dielectric function as: 

s( Eg - E, r ) = 1+ 47rNe'h'/ [m{(Eg' E ' ) - iEF], (2.17) 

where Eg and E are the energy gap and photon energy, respectively, and F is the 

broadening parameter (spread in energy by the interaction with phonons and other 

scatters). 

13 



2.4 Links between reflectance, dielectric constant, and energy 

The normal reflecfivity given in equafion (2.12) contains complex refracfive index 

n, which can be related to complex dielectric constant as [P34]: 

h^ = [ie. (2.18) 

In general, the complex dielectric function is a rank two tensor. For crystals with cubic 

symmetry (as is the case in our samples), it is viewed as a scalar function. Thus equation 

(2.17) can be written as: 

e ( E g - E , r ) = l+47rNe^h^/[m{(Eg^ E^)-iEr]. (2.19) 

And equation (2.12) can be written as: 

R= |{l-(|as)"M/{l+(n8)"'}P, (2.20) 

where [x is permeability, which can be taken as unity. Then equation (2.20) can be 

rewritten as: 

R=|{l .(e)i^2^/{l+(e) '^2}|^ (2.21) 

14 



According to equation (2.19), the dielectric ftincfion varies significantly for E 

near Eg. I now discuss how illuminafion with above band gap light alters R through the 

dielectric function. 

2.5 Theorefical considerations of photomodulation 

In the bulk semiconductor samples, the space charge region SCR (Depletion) 

exists. The SCR plays an important role in modulation spectroscopy. These SCRs are 

also created near surface region of the doped materials due to pinning of the fermi level 

[2, 4]. Because of these SCRs and surface states, there exists built-in electric field, which 

varies with the photo-injected electron-hole pair generations and recombinations of 

minority carriers. 

Under photomodulation, the built-in surface electric field (F) in the sample (bulk 

semiconductors or semiconductor micro structures or semiconductor devices) is varied by 

above energy gap photo-exited electron-hole pair generation by the pump source [2, 4]. 

The photo-generated minority carriers recombine with the charge in the surface states and 

thereby reduce the buih-in electric field [5]. This change in the electric field (F) changes 

electro-optical energy. 

The change in opto-electrical energy (induced by change in the built-in field) 

induces a change in dielectric function. Since the dielectric function is proportional to 

cube of the opto-electrical energy, it can be given as [2]: 

A8 = [(he)^/E^] [5 /̂5E^ {E^8(E-Eg,r )}], (2.22) 

15 



where E is photon energy. Eg is band gap energy of the sample and F is the broadening 

parameter. 

Eventually this change in dielectric function causes the change in reflectivity of 

the sample, which is given by the following general relation in equation (2.24) because 

the function 8(E-Eg,r ) is complex. Please refer to [32] for detailed derivation. Assuming 

R(Si, 8r) and differentiating it gives: 

d In R = didzr (In R) d8r + didz; (In R) dei. (2.23) 

Taking d In R = dR/R and d^A equation (2.23) can be written as: 

AR/R = pr Asr + (3i A8i, (2.24) 

where Sr and 8i are the real and imaginary parts of dielectric fimctions and the coefficients 

pr = 5 In R/a 8r and p, = 5 In R/a 8i. 

From equations (2.17) and (2.22), we see that A8 will be large near transition 

energies such as Eg. This, in turn, influences AR/R. Consequently, we expect to obtain PR 

spectral features near the transition energies. 

The vast majority of photomodulated reflectance measures the features due to the 

inter-band or inter-subband transitions between valence and conduction bands in the 

sample [2]. Franz-Keldysh oscillations are observed at transition energy such as band gap 

in the case of bulk and subband gaps in the doped semiconductors. 

16 



2.5.1 Direct band gap transition 

In the case of an intrinsic semiconductor, nearly all the electrons are bound in 

valence band. Sufficiently high energy is needed to promote electrons into the conduction 

band. This energy can be achieved using above Eg pump light such as He-Ne laser having 

wavelength X = 632.8nm corresponding to 1.956 eV energy. Figure 2.6 demonstrates the 

phenomena (general case) of direct band transitions of electrons with the absorption and 

emission of photons. 

The presence of free electrons in conduction band causes change in the electric 

field and eventually reflectivity of the sample as mentioned in section 2.5. 

Photon 

Absorbed 

Valence band 

t t 
Direct band gap 

Conduction band 

K • 

Photon 

Emitted 

Figure 2.6: Direct band transitions of electrons and 
generation of holes by the absorption of photon. Photon is 
emitted when they recombine. 
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2.5.2 Franz-Keldvsh Oscillations (FKO) 

Photmodulation [2] can be classified into three categories: (1) low, (2) 

intermediate, and (3) high field regime depending on the value of h in comparison to 

other characteristic energies F, eFa, and Eg [2, 6]. If the strength of electro-optic energy 

given in equation 2.16 is less than or equal to the broadening parameter F and transition 

energy qFa (where q is the charge, F is the electric field and a is the lattice constant) is 

less than energy gap, then it falls in the "low-field" regime. If the strength of electro-

optic energy is greater than or equal to the broadening parameter F, but qFa is not less 

than and equal to energy gap, then it falls under the "intermediate-field" regime. In this 

situation, the band structure of sample remains unchanged and Franz-Keldysh oscillations 

can be observed in this regime. If the strength of electro-optic energy is much greater 

than the broadening parameter F and qFa is nearly equal to energy gap, then it falls under 

the "high-field" regime. 

Under the influence of electric field F in the z-direction the energy bands are tilted 

by an amount qFz. An electron attempting to turmel from valence band into conduction 

band sees a triangular barrier. If during the tunneling process the electron interacts with a 

photon of energy hco, the effective width of the barrier to be traversed has been made 

smaller. For clarity, this phenomenon is illustrated in Figure 2.7. 

18 
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;-•*-
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< • 

Depletion width 

Figure 2.7: Illustration of the formation of triangular barrier 
due to the band banding at the surface in n-type sample. 
Barrier width seen by the electron tuimeling with photon 
assistance is much smaller than the electron without 
assistance. 

The probability of the transmission T through the barrier is given by the classical 

approximation: 

T = exp (-1 k dz) (2.25) 

where k = [2|i (Eg -E -qFz) / h] '''' . Integrating equation (2.25) between classical 

tunneling points 0 and w (depletion width) yields: 

3/2n 
T = exp[-(4/3)Ti^'1 (2.26) 

19 



where TI = (Eg - E) / h 9. 

In the above equation, if r|>0 (E<Eg), electrons may tunnel through the barrier 

assisted by photons. However, if ri<0 (E> Eg), the above transmission probability 

equation becomes an oscillatory function. A more rigorous treatment can be found in 

Aspens [33]. 

The depletion width for doped material terminating at free (vacuum) surface 

depends on doping concentration according to 

Xd = [28Vbi/qNd]"'. (2.27) 

As mentioned earlier, built-in fields vary with the generation and recombination 

of electrons and holes. This variation induces variation in opto-electrical energy and thus 

dielectric constant. This in turn causes variation in the reflectivity of the sample that 

appears as the Franz-Keldysh Oscillations (FKOs) at the band gap [4]. The exact form of 

AR/R for intermediate-field case for FKOs is quite complicated and involves the 

equations of Airy functions in the complex field. Aspnes and Studna [32] and Aspnes 

[33] have written a relatively simple expression: 

AR/R oc [E^ (E- Eg)]-'exp [-2 (E-Eg)'̂ ^ r/( hdf^ ] 

cos [(4/3) (E- Eg)''' /( h0)'' ' +x] (2.28) 

20 



where F is the broadening parameter and x is an arbitrary phase factor. From equation 

(2.28), the position of the nth extremum of FKO is given by nn = (4/3) (E- Eg)''' /( hQf^ 

+X-

According to equation (2.28), the simple expression for normalized modulated 

reflectance depends upon the broadening parameter F, which varies linearly with the 

doping concentration N. So at low doping concentration, the field is not sufficiently large 

enough to observe FKOs. But increasing doping concentration will not only make FKOs 

observable but also will make broadening parameter F larger due to ionized impurity 

scattering. As a consequence, the FKOs will get damped out which is illustrated in the 

Figure 2.8 by plotting AR/R vs. r| = (Eg - E) / hO for values of F/ hO = 0.5, 1.0 and 2.0 

[2]. 
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Figure 2.8: Damping effects due to the increase in 
broadening parameter. (After F. H. Pollak et al.) [2]. 
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2.5.3 Advantages and disadvantages of photomodulated 
reflectance spectroscopy 

Photomodulated reflectance is a technique that does not require special mounting 

of the sample such cooling mechanism, as is the case in other kinds of spectroscopies, ft 

can be performed at temperatures ranging 4-922 K [5, 2]. Being contactless, it can be 

used in in-situ monitoring of growth or etch processes of the semiconductors [13]. The 

derivative-like peaks of the amplitude of the range lO"*" to as much as 10'' of the spectra 

of PR make it easier to measure with LIA and analyze [14] as compared to the reflectance 

measurements. 

This technique has critical drawbacks. Photoluminescence from the sample and 

scattering of pump light are the main causes of spurious signals reaching the detector. 

These problems can be overcome by miming the experiment at higher temperatures and 

placing an appropriate long-pass filter in front of the detector, respectively [4]. 
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CHAPTER-3 

EXPERIMENT 

3.1 Schematic of the experiment 

In the photomodulation technique, the sample is illuminated by the probe light of 

wavelength A, and modulating source pump light, commonly a Laser light is used, having 

energy greater than the energy band gap of the sample [2]. Both these lights are chopped 

at different frequencies f and fm to permit lock-in amplifier (LIA) for detecting weak 

signals. The variation in the electric field (induced by the pump light at fm) causes 

variation in electro-optical energy. This change in electro-optical energy varies dielectric 

function [2], and this variation in turn causes variations in reflectivity [11] of the sample. 

The quantity of interest AR/R can be obtained by detecting modulated reflectance 

AR and normal reflectance R at reference frequencies f+fm and f, respectively, at two 

separate LIAs. It is then fed into the computer to obtain the relative reflectance, AR/R and 

plotted against wavelength or energy of the probe fight [3, 12]. 

A schematic representation of optical part of photomodulated reflectance and 

electrical parts are shown in Figure 3.1. 
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(a): a schematic of the optical part of photomodulated 
reflectance setup. 

Signals From Detector 
To Monochromator 

Chopper DMM 

LIA-1 

LIA-2 

R 

GPIB 

Computer 

1 r 
CPU 

AR 
f+f„viaDAO 

(b): a schematic of the electronic part of photomodulated 
reflectance setup. 

Figure 3.1: Schematics of a photomodulated reflectance 
setup. 
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3.1.1 Description of setup 

In preparing our experimental setup, we used lOOOW Mercury (Xenon) lamp as 

probe light source. The probe light is passed through a tunable monochromator to obtain 

the desired wavelength. A 2-Watt, He-Ne Laser used as a pump light source [2]. Both the 

lights are chopped at frequencies f = 295 Hz and f̂  = 245 Hz, respectively, and shone on 

the sample. Reflected monochromatic light is detected after passing through a long-pass 

optical filter to block the scattered laser light [2]. The signal from the detector is passed 

to two LIAs. Modulated AC signal "dR" was detected using sum frequency (fsum = 540 

Hz) as a reference frequency for LIA-1 and DC reflectance "R" was detected using f = 

295Hz as a reference frequency at LIA-2 [3]. The values of both dR and R, are then sent 

to a computer through GPIB cable. These signals were processed and analyzed using 

National Instrument's LabVIEW program. The sum-frequency fsum, was generated by 

LabVIEW program and fed to LIA-2 through DAQ board after reading f = 295 Hz from 

DMM using GPIB cable which itself reads f from chopper. Monochromator diffraction 

gratings rotation is also controlled by LabVIEW program through the DAQ board to tune 

the wavelength. Lists of the optical and electrical items used in the experimental setup are 

listed in Tables 3.1 and 3.2 along with their manufacturers and model numbers. 
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Table 3.1: List of the optical items used in this setup along 
with their manufacturers and model numbers. 

OPTICAL ITEMS 

Translation Stages 

Slotted Based Plates 

Iris Diaphragm 

Miniature Straight Mount 

Miniature Angle Mount 

Bar-Type Filter Holder 

Optic Mount 

Post Holder 

Mirrors 

Lenses 

Filter 

Optical Chopper 

MANUFACTURER 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Newport Research center 

Physical Optic Corp: 

Stanford Research System 

MODEL # 

460-xyz 

B-2 

ID-10 

GM-2 

MM-1 

VLH-3 

LM-2 

VPH-6 

— 

— 

— 

SR540 
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Table 3.2: List of the electrical items used in this setup 
along with their manufacturers and model numbers. 

ELECTRICAL ITEMS 

Mercury (Xenon) Lamp 

Mercury (Xenon) Lamp 

Monochromator 

High Speed Si- detector 

Lock-in Amplifier 

DMM 

MANUFACTURER 

Oriel Corporation 

Oriel Corporation 

Instruments SA, Inc. 

ThorLab Inc. 

National Instruments 

Hewlett Packard 

MODEL # 

6142 

8540 

HR-320 

DET-110 

SR830 

34401A 

Using this setup, some samples such as GaAs and GalnAs were studied to 

determine whether our Photomodulated Reflectance setup is working properly. Our 

results fulfilled our expectations. 

The exit intensity lo (X) from monochromator at wavelength X is chopped with an 

optical chopper at frequency, f and focused on the sample using lenses. Modulation of the 

sample is produced by photo-excitation of electron-hole pair generation by He-Ne Laser 

(pump light source) chopped at frequency fm- The reflected light is collected by another 

lens and focused on the detector (photo diode). Sample reflectivity R under periodic 

square-wave modulations can be expressed as [3]: 

R-Rnp+[AR/2+2ARy7i {sin(27ifnit)+ 

1/3 sin(27r3fmt)=l/5sin(27i5fmt)+...}], (3.1) 
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where Rnp is the reflectivity without any perturbation and AR is the change of reflectivity 

under periodic square-wave modulations of frequency fm. The square-wave response of 

the chopped probe-beam intensity Uc. can be expressed as[3]: 

IA.C, = I0/2+2 Io/7r[sin(27rft)+l/3sin(27r3ft) 

+l/5sin(2K5ft)+...], (3.2) 

where f is frequency at which probe light is chopped. DC component, \J1 will be 

removed by coupling capacitor of LIA-1. By multiplying equations (3.1) and (3.2), the 

photo response, IA.C. R can be obtained as: 

IA.C.R = 2Io/7i[Rnp+AR/2]sin(27tft) 

+2IoAR/;r^[cos{27r(f+fm)t} +cos{27i(f-fm)t}]. (3.3) 

The first term in equation (3.3) means the DC reflectance, which is read by LIA-1 

at reference frequency f and given by equation (3.4) [3]: 

V(f)s2Io/7r(Rnp + AR/2). (3.4) 

The second term in equation (3.3) is AC reflectance, which is read by LIA-2 at 

reference frequency f + fm- and given by equation (3.5). The sum frequency is 

synthesized by reading the frequency f by digital multimeter (DMM) from chopper 
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control unit and fed to computer by GPIB cable. Using the LabVIEW program, sum-

frequency (fsum = f + fm) is generated and fed to reference terminal of LIA-2 through the 

DAQ board. 

V ( f s u m ) s 2 I o A R / 7 l ' ( 3 .5 ) 

The value of interest (AR/R) can be obtained by taking the ratio of the equations (3.5) and 

(3.4) and neglecting small term AR/2 as: 

AR/ R = 71 V(fsum) / V(f), (3.6) 

this is practically very easy to obtain using computer code. Values read by LIA-1 and 

LIA-2 are fed to the computer through GPIB cable and read by LabVIEW program using 

GPIB command. 

3.1.2 Functions of instruments 

As described above, this experiment uses many instruments such as 

monochromator, chopper, lock-in-amp and detector. Understanding the function of these 

instruments is a vital part of setting up and miming the setup. Detailed descriptions of the 

most important instmments are given below. 
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3.1.2.1 Tunable Monochromator 

A monochromator is an optical subassembly that accepts polychromatic input 

light from a lamp and outputs monochromatic light. Typically, the entrance ports, which 

are slits, are geometrically fixed, hitemal to the device, the dispersive element, a 

diffraction grating, is rotated by motor. The angle to which it is turned determines the 

wavelength of the output light according to X= d sinO/m. The result is a versatile, 

selectable, monochromatic source of light. 

The purpose of the two slits in this monochromator is to control the size and 

position of the beam of light passing through the slit. On the way in, the entrance slit 

makes sure that only a small area of the input beam passes into the monochromator and 

that the light waves are relatively parallel coming from the source. Since the light will be 

carefully allowed to shine among the mirrors and a grating inside the monochromator, 

parallel beams insure alignment of the light beams with the internal optics and cut down 

on stray light that might end up where it is not wanted. Once light enters from the 

entrance slit, it is redirected by the first mirror toward the grating. After light is dispersed 

by the gratings, it is captured by a second mirror and focused on the exit slit. Figure 3.2 

shows the schematic diagram of the tunable monochromator [15]. 
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Figure 3.2: The schematic diagram of the tunable 
monochromator. 

The surface of these mirrors must be reflective in the wavelength region of the 

light involved. The dispersion element in this monochromator is a grating. Its job is to 

take parallel light incoming from Ml, light that contains multiple wavelengths, and to 

disperse the wavelengths such that they leave the grating at slightly different angles, 

angles dependent upon the wavelength. Thus narrower slit widths will present better 

resolution of the instmment in term of monochromatic wavelength. 

3.1.2.2 Chopper 

To make a light beam act in an AC manner, it needs to be tumed on and off 

regularly and accurately. This can be achieved by chopping. If the signal of interest is an 

AC signal, then the detector output would be AC and any further amplification could be 

carried out with an AC amplifier. AC amplifiers do not suffer from temperature drift and 
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will not respond to DC signals. So the only signal that would be amplified is that due to 

the (AC) light beam. The most common technique is to pass the beam through a rotating 

disk that has holes or slots cut into at regular intervals. Figure 3.3 shows such a chopper 

disk [16]. 

As the disk rotates, it "chops" the beam producing an on/off signal which when 

detected by a photo-detector will appear as an AC signal. The mechanical chopping of 

the light beam is very precisely controlled by the chopper, and therefore the resultant AC 

signal due to the chopped light is at a known and stable frequency which can be 

monitored and amplified easily. 

Figure 3.3: A chopper disk with holes or slots cut into it at 
regular intervals to chop probe and pump lights at fouter and 
finner respectively. 
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The chopper has four reference frequency outputs. Each of the frequencies 

generated by the inner and outer apertures, one at a frequency equal to their difference, 

and one at a frequency equal to their sum. The four frequencies fi, fi, fi - fi and f, + fi 

can be selected by the switch. In our experiment, fi was selected and fed to LIA-1 and 

DMM. The sum frequency was generated using LabVIEW code. Figure 3.4 shows the 

chopper wheel with f, (outer), f2 (inner), and f, + fz (sum) apertures [16, 21]. 

Figure 3.4: A Chopper wheel with fi (outer), fa (inner), and 
fi + f2 (sum) slots, R and AR are read at fi and fi+ f2(sum) 
respectively. 

3.1.2.3 Lock-in amplifier 

Lock-in amplifiers are used to detect and measure very small AC signals all the 

way down to a few nanovolts. Accurate measurements may be made even when the small 
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signal IS obscured by noise sources many thousands of times larger. Lock-in ampHfiers 

use a technique known as phase-sensitive detection to single out the component of the 

signal at a specific reference frequency and phase. Noise signals at frequencies other than 

the reference frequency are rejected and do not affect the measurement. 

Lock-in measurements require a frequency reference. Typically, an experiment is 

excited at a fixed frequency (f from chopper for LlA-1 and fsum from computer through 

DAQ for LIA-2) and the lock-in detects the response (signal waveform) from the 

experiment at the reference frequency. The reference signal is a square wave at frequency 

cOf. The signal is: 

Vsig sin(cOrt + Bsig) (3.7) 

where Vsig is the signal amplitude. 

The LIA amplifies the signal and then multiplies it by the lock-in reference, 

VL sin(coLt + Bref) using a phase-sensitive detector or multipfier. The output of the PSD is 

simply the product of two sine waves. 

Vpsd = VsigVLSin(COrt + es ig )s in (a )Lt + Gref) 

= l / 2 V s i g V L COS ([cOr - COL] t + Gsig - Oref) 

- 1 / 2 Vs igVL COS ([cOr + COj t + Osig + O^ef f) ( 3 . 8 ) 
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The PSD output is two AC signals, one at the difference frequency (cOr COL) and 

the other at the sum frequency (cô  + COL). If cOr equals COL, the difference frequency 

component will be a DC signal. Now if the PSD output is passed through a low-pass 

filter, the AC signals are removed and the filtered PSD (DC signal) output will be 

Vpsd = l/2VsigVL c o s (Gsig - Gref). (3 .9 ) 

This is a very nice signal, ft is a DC signal proportional to the signal amplitude. 

An external reference signal (in this case, the reference square wave) is provided to the 

lock-in. The PLL in the lock-in locks the intemal reference oscillator to this external 

reference, resulting in a reference sine wave at cOr with a fixed phase shift of Gref. Since 

the PLL actively tracks the extemal reference, changes in the external reference 

frequency do not affect the measurement. In this case, the chopper provides the reference 

for LIA-1 and computer for LIA-2. This is called an extemal reference source. 

Remember that the PSD output is proportional to Vsig cos (Gsig Gref). (Gsig Gref) is the 

phase difference between the signal and the lock-in reference oscillator. By adjusting 

G ref, we can make the phase difference equal to zero, in which case we can measure 

Vsig (cos (Gsig - Gref) =!)• Conversely, if G is 90°, there will be no output at all. A lock-in 

with a single PSD is called a single-phase lock-in and its output is Vsig cos (Gsig - Gref). 

This phase dependency can be eliminated by adding a second PSD. If the second 

PSD multiplies the signal with the reference oscillator shifted by 90°, i.e. VL sin (cott + G 

ref + 90°), its low-pass filtered output will be 
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V p s d 2 = 1/2 VsigVLSin (Gsig-Gref). 

Or Vpsd2~ Vsig sin (Gsig Gref). (3.10) 

Now we have two outputs, one proportional to cos(Gsig Gref). and the other 

proportional to sin(Gsig - Gref). If we call the first output X and the second Y, 

X = V s i g c o s (Gsig - Gref ) ( 3 . 11 ) 

Y = Vsig sin (Gsig - Gref). (3.12) 

These two quantities represent the signal as a vector relative to the lock-in 

reference oscillator. X is called the 'in-phase' component and Y the 'quadrature' 

component. This is because when G = 0, X measures the signal while Y is zero. Our 

experiment was mn under this condition. By computing the magnitude (R) of the signal 

vector, the phase dependency is removed. 

R = (X^ + Y^)"^ = Vsig. (3.13) 

"R" measures the signal amplitude and does not depend upon the phase between 

the signal and lock-in reference. A dual-phase lock-in, such as the SR830, has two PSD's, 

with reference oscillators 90° apart, and can measure X, Y and R directly. In addition, the 

phase G between the signal and lock-in reference, can be measured according to 
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G = tan"'(Y/X). (3.14) 

The sensitivity option of LIA provides means to obtain more accurate with higher 

number of significant figures in the readings. Care must be taken while choosing the 

sensitivity range. If it is smaller than maximum amplitude of the signal then LIA will 

become overloaded and if it is much greater than the maximum amplitude of the signal 

then the data will have less number of significant digits thus less accurate. The sensitivity 

of the SR830 ranges from 2nV to IV. 

Rehability of recorded data depends upon the selection of time constant of LIA. 

By increasing the time constant the output becomes more steady and easier to measure 

reliably. 

3.1.2.4 Detector 

Our detector is a photodiode [18, 19] with a potential barrier V, current that can 

pass through a diode with a forward bias V is given by Equation 3.15 [20, 21]. 

J = Jsa,(exp qVkT 1) (3.15) 

where Jsat is the saturation current of the diode, q is the charge of an electron, k is the 

Boltzmann constant, and T is the absolute temperature in Kelvin. 
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A photodiode is simply a diode used in reverse bias. Light absorbed in the diode 

close to or in depletion region will create an electron-hole pair that will be swept apart 

and can be seen in terms of a reverse current given by the following equation 3.16 [20]. 

Assuming the intensity of the light beam is approximately constant over the area 

of the junction, the current then becomes Jop= RP, where Ri is the responsivity in A/W. 

Ri depends greatly on the quantum efficiency, p, which is the fraction of incident photons 

which are converted to electron-hole pairs. 

Jreverse= "Jsat ( c x p q V k T 1) + Jop (3 .16 ) 

A typical responsivity plot of Si-Photodiode as a fiinction of wavelength is shown 

in Figure 3.5. To measure the optically generated current and thus the power of the 

incident beam, one must devise a circuit, which will reverse bias the diode and provide an 

appropriate measurement point. A simple configuration with a battery, photodiode and 

resistor shown in Figure 3.6 will do this task admirably. 

38 



TYPICAL SPECTRAL RESPONSE 
"^^ FORDET110&DET210 

o.e 

0,5 

i- 0.4 -

E 0.! -
eo 

D.2 -

0.1 -

. DET210 

n 
?00 

-I l - t_| 1 1 1 y 
300 

DET110& DET210 

400 500 600 

WAVELENGTH (nm 

- I 1 1 1 1 1 1 1 1 
700 800 900 1000 1100 

Figure 3.5:A typical responsivity plot of Si-Photodiode 
used as a detector as a function of wavelength [19]. 

Figure 3.6: A simple configuration of a photodiode 
(detector) with a battery, capacitor and resistor. 
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The battery of voltage VB [22] provides the reverse bias and the current through 

the loop is negligible (Isat), thus the measured voltage across the resistor VR=JopR 

provides an accurate measurement of small incident optical power. In this mode of 

operation, the responsivity of the circuit is Rv = Ri R in V/W. A photodiode working in 

this mode will respond with a characteristic capacitance determined by the junction 

capacitance given by Cj =AW [23]. Essentially, it is an approximation of the junction as a 

parallel plate capacitor of area A and thickness W filled with the semiconductor. Thus, 

the circuit above will respond with time constant, = RCj, which corresponds to a 10%-

90%timeof2.197RCj. 
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3.2 LabVIEW proRramming 

3.2.1 Overview 

LabVIEW is a powerful graphical computer language. It is commonly used to 

write programs to control scientific instmments, data acquisition via GPIB, DAQ, SR 

232, serial and parallel pole [38]. Rather than creating programs by writing text, we use 

graphical icons and connect them using "wiring." 

A LabVIEW program consists of two windows, the front panel and the block 

diagram. The block diagram is the actual LabVIEW programming code. Here resides all 

graphical icons or LabVIEW's libraries icons. Each icon represents a block of underiying 

executable code that performs a particular function. LabVIEW is designed for scientists 

and engineers to write programs that can perform laboratory data acquisitions [38]. 

3.2.2 Main program 

The main program consists of two parts, pre-operating part and mnning 

experiment part. The pre-operating part deals with calibration and properties of the 

experimental setup. The "calibration" button of the main screen calibrates the 

monochromator's wavelength-display with the display on the computer monitor. In 

addition to that wavelength step size and number of readings per step can also preset for 

the subsequent experiment. The "properties" button of the main screen sets up the 

properties of the experimental setup. In this part not only different models of LIAs and 

other equipments can be selected according to their availability but also GPIB addresses 
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and other port elections can be made. Flow chart and front panels of main screen, 

properties and calibration are shown in Figures 3.7, 3.8, 3.9 and 3.10, respectively. 

Once these selections have been done, start button initiates the data acquisition. In 

this part all the desired operations necessary for the execution of experiment are mn in 

the orderly maimer as was programmed such as moving gratings of monochromator to 

scan the wavelengths sending commands and receiving data from LIAs and DMM. All 

these communications with the instmments take place on GPIB, Serial poll and DAQ 

board. Several subprograms (Sub Vis) have been written to simplify the program 

stmcture and easy to read the program. 
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Figure 3.7: Flow chart of main program showing pre-
operating part and mnning experiment part. 
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PROPERTIES 

CALIBRATION 

Experimental Setup 

Initial Wavelength (nmj J 5 4 5 . 0 0 

End Wavelength (nm) ^J800 00 

Step Size (nm) '10.500 

Measurements per step J. J2 

Figure 3.8: Front panels of main screen showing options for 
switching to properties, calibration and start mnning 
program. 
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direction line LIA GPIB Address 
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Figure 3.9: Front panel of properties showing options for 
setting monochromator and LIA parameters. 
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Monochromater Controls 

Initial Wavelength f i 185.00 

Move To fJO.OO 

Current Wavelength 0.00 

Figure 3.10: Front panel of calibration showing options for 
calibration of monochromator controls with the software. 

3.2.3 Controlling gratings of monochromator 

Figure 3.11 exhibits the snap of the program that controls the movement of 

gratings of tunable monochromator through DAQ-board. This is controlled by a software-

controlled servomotor through DAQ-board. Parameters such as device number, port 

address, wavelength per step and direction line that controls the precise movement of the 

servomoter are pre-selected under property menu in the pre-operating part of the 

program. 
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Figure 3.11: Block diagram of the program used to control 
the gratings of monochromator to vary wavelength of probe 
light. 

This program uses subprograms "Mono Move" which calls another sub-routine 

"Move" which is equipped to make precise movement of the gratings. This program can 

be used independently or embedded. In the calibration part, it was used independently, 

while in the experimental mn, it was used in its embedded form and called by the main 

program. 

46 



3.2.4 Frequency reading and sum frequency generation 

To read a small change in reflectance AR, sum frequency fsum is needed at the 

reference input of the LIA-2. While the configuration of frequency output of chopper unit 

does not allow us to receive both f and fsum at the same time, we not only need to generate 

sum frequency but also synchronize it with instantaneous chopper frequency (f). 

In order to generate sum frequency fsum, instantaneous frequency f from the 

chopper control unit was read by DMM. Using GPIB cable and command, this program 

reads f, sometimes referred to as fouter- This frequency is then multiplied by 11/6 to obtain 

the desired sum frequency and then sent to pulse train generator (a LabVIEW 

subroutine), which sends impulses to the assigned terminals of DAQ-board. A block 

diagram of the subprogram for generating sum frequency is displayed in Figure 3.12. 

Through DAQ-board it is sent to the reference input of LIA-2. Consequently, we can 

software control the frequency at which the LIA "locks-in". 
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Figure 3.12: Block diagram of the subprogram for 
generating sum frequency after reading f from chopper unit 
via DMM. 

3.2.5 Getting data from lock-in-amps 

Figures 3.13 and 3.14 display the front panel and the block diagram of the 

program that collects data from both the LIAs through GPIB cable. In addition to that, 

this part of the program generates the sum frequency for LIA-2 and moves the 

monochromator's gratings in desired wavelength steps. As can be seen from Figure 

3.13 that as many as nine values of different parameters are read from both the LIAs at a 

time. After collecting these data, they are not only displayed on a plot as a function of 
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wavelength m real time after manipulation but their numerical values are also displayed 

on the front panel. This part of the program also gives the option of saving all of nine 

parameters in different files for fiirther analyzes and fiiture references. 

Figure 3.13: Front panel of the mnning program. Showing 
"15" digital displays, settings of experimental parameters 
and "5" real time plots. Also showing "9" parameters that 
can be saved on the disk. 

49 



. tJUUHOtl i j i juui inn n-CLtLajiJl<| 11° ;i .r^p b • • D n • • b a • a o p p o a o D'I 

HHI 

& 

I — [ > = ^ A . M 3 

7iFi:j+>i 

p a o p a n D P O D o n o n a n p a p a n a a a o p o p n a p o o p p o p p g p a • p 

•n-a'P'P'P'O'O'P'P'P'D'P'P'g-O'D'D'D D a D D a a D a o p D P D g o n p a o p n p o p g p D P a D a D a D a D P D a O D a O D a a • P a P D P O'P D g g p • r 

Figure 3.14: A part of the block diagram of the rurming 
program that converts wavelength into energy (eV), 
generates sum frequency, moves gratings of 
monochromator after each step, and reads and manipulates 
the data in real time. 
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3.2.6 Other subprogram.^ 

In addition to these main programs, there are many sub-programs (sub-routine or 

m terms of LabVIEW sub-VI) either created for this particular purpose or built-in 

LabVIEW subroutines. All these sub-routines serve the purposes of simplifying the 

program itself, making easily readable for future users and the most importantly making 

easier for debugging. These sub-routines appear as icons in the main programs. The icons 

of the most important sub-VIs used are shown in Figure 3.15. 
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Figure 3.15: The icons of the most important sub-VIs used 
under main program. They take ratio of signals (a), 
calibrate monochromator parameters with the software (b), 
set monochromator parameters (c). Generate sum 
frequency (d), move monochromator gratings (e) and set 
monochromator port parameters. 
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CHAPTER 4 

TESTING 

4.1 Overview 

To verify the operation of my program GaAs (bulk), C-doped GaAs (p-type). Si-

doped GaAs (n-type) and GalnAs were measured. These samples were selected because 

their band gap energies are in the range of the monochromator and less than the energy of 

the He-Ne Laser (1.99 eV) [2]. 

Table 4.1 shows the doping, free carrier concentration and depletion width at 

temperature 300K of GaAs samples. Following formulae used calculate these values [36]. 

Xd = [28Vbi/qNd]''' 

Xa = [28Vbj/qNa]"' 

«j = -jN^e ^' EJlkT 
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Table 4.1: Doping concentrations and calculated values of 
free carrier concentrations and depletion widths at 300K of 
GaAs samples. 

Samples 

Bulk GaAs 

P-type GaAs 

n-type GaAs 

Doping 

None 

1x10'" cm"' 

8 x 1 0 " cm"' 

Free carrier concentration 

2.03 X 10''cm"' 

5x 10'''cm"' 

4x 10" cm"' 

Depletion width 

None 

9.842x10"* m 

3.695 X 10"'m 

4.1.1 Testing of GaAs: A bulk sample and results 

The optical modulation technique of PR can provide accurate inter-band transition 

energies in bulk as well as thin-film, single-layer, and multiplayer semi-conducting 

stiiictures [1]. In bulk samples (GaAs- the sample we used) as mentioned earlier, SCRs 

exist that create electric field in the sample, which is the main cause of observing of 

FKOs. The nature and shape of FKOs depends upon the built-in field. A nonuniform 

electric field in the space charge region not only damps the FKOs but also makes the 

interpretations of data more complicated [4]. 

Diamonds in Figure 4.1 represent the values of energy band gaps of bulk sample 

for each attempt. The average value found to be 1.41±0.01 eV, which is below the 

accepted band gap (i.e., 1.43 eV [39]) as shown in Figure 4.2. This indicates that our 

sample is of good quality. Pikhtin et al. [24] have reported below-band-gap stmcture in a 

PR study of high quality undoped bulk GaAs. The FKOs near the band gap energy were 

expected. The region beyond 1.43 eV on the x-axis is unexplainable and may be 

attributed to photoluminescence that occurs near band gap of GaAs. 
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Figure 4.1: Values of the energy band gaps found for bulk, 
n-type and p-type GaAs samples with their average values. 
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Figure 4.2: Experimental plot of the PR of the bulk GaAs 
samples showing onset of FKOs at 1.408 eV. 

54 



4.1.2 Testing GaAs: A p-type sample anH rP.nltc 

In the p-type samples, photo-generated electrons recombine with the holes in the 

valence band reducing the field, which appears as a valley in the trace followed by peak. 

There is a phase change of 180° in going from n-type to p-type. Pollak et al. [2, 25] used 

p-type and n-type InGaAs samples and obtained the results as shown in Figures 4.3 and 

4.4. As it can be easily observed, the p-type sample initiates with a valley followed by 

peak and n-type sample has quite opposite features. A plot of our sample in Figure 4.5 

also shows somewhat the same trend though the sample is GaAs. 
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Figure 4.3: PR for a series of n-doped InGaAs samples 
showing energy 2.57 eV: Curve (a) n = 3*10'^ cm"'̂ . Curve 
(b) n = 2*10'^cm"^ Curve (c) n = 1*10'̂  cm"^ Curve (d) n 
= 8*10'^cm-l[2,24] 
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Another aspect of these traces is the peak-to-peak magnitude of these oscillations 

which depends on sample doping concentration being larger for higher concentrations 

[2]. If the bulk and doped samples are compared, this fact can easily be observed. Thus 

this phenomenon can be used to find out the doping concentration of the samples. A plot 

of our sample in Figure 4.5 of GaAs doped with 1.0*10"̂ '̂' cm"̂  of carbon behaves as 

expected. Triangles in Figure 4.1 represent the values of energy band gaps for p-type 

sample for each attempt. The average value found to be 1.41 ±0.01 eV for this sample. 

ac 

?^^'' 

\J 
±JL 

P h u t i i i i Ki ier -J^- l e ^ ' 

Figure 4.4: PR for a series of p-doped InGaAs samples 
showing energy 2.57 eV: Curve (a) p = 2*10'^ cm"^ Curve 
(b) p = 3 * 1 0 ' W ^ Curve (c) p = 7*10'^ cm"̂  [2, 25]. 
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Figure 4.5: Plot of GaAs sample doped with p = 1.0*10 
cm"̂  of carbon showing highly doped p-type sample. 

+20 

4.1.3 TestinR GaAs: An n-type sample and results 

As mentioned in the previous section, n-type peak of n-type samples behaves 

completely opposite to the p-type samples. In this case also, peak-to-peak magnitude of 

these oscillations depends on sample doping concentration, being larger for higher 

concentrations [2]. 

The peak separations of FKOs are closely related with the intemal electric fields 

[3]. The increase in the width of the spectral line shape is due to the increase in electric 
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field [26] because of the fact that it needs more electron-hole pair generation (more 

energy and time) to compensate the built-in field. Thus hetro-junctions of the epitaxial 

layer should display much broader spectral lines. The plot of our sample in Figure 4.6 of 

GaAs n-doped with 8.0 E+18 cm-3 of Silicon is shown below fulfiUing all above 

expectations. Squares in Figure 4.1 represent the values of energy band gaps for n-type 

sample for each attempt. The average value found to be 1.41±0.01 eV for this sample too. 

Considering plots of GaAs samples in Figures 4.2 (bulk), 4.5 (p-type) and 4.6 (n-

type), it can be concluded that all the samples exhibit the same energy band gap despite 

the presence of different impurities, which was also expected. 

GaAs : Si (n = 8.0 E 18 cm.3) 

137 139 141 1,43 1,45 147 

Energy (eV) 

Figure 4.6: Plot of GaAs sample doped with n = 8.0*10 
cm" of Silicon showing highly doped n-type sample. 

+ 18 
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near 

4.1.4 Testing GalnAs prnwn on GaAs anH rp«..itc 

The following three figures are from this sample. Figure 4.7 shows the FKOs 

the band gap of GalnAs (about 1 eV). Figure 4.8 shows oscillations near the band gap of 

the GaAs. Figure 4.9 is the complete range of the first two figures suggesting that the 

plots of smaller ranges are much easier to observe and analyze. The poor quality of the 

fraces at the lower energy (GalnAs-band gap energy) may be because of the low response 

of the photodiode (responsive curve shown in the earlier section) or maybe the gratings 

are not suitable for this region of spectra. Still we were able to observe some peaks and 

valleys. 

•e 0 OOE + OO 

GalnAs/GaAs Annealed 700 C 

Energy (eV) 

Figure 4.7: Plot showing the FKOs near the band gap of 
GalnAs (about 1 eV). 
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GalnAs Annealed 700 C (1.35-1.55 eV) 

§ 4 OOE-Ot 

f 
B 2 0 0 E . 0 1 

0 OOE + 00 -

1,43 1 4 5 1,47 

Energy (eV) 

Figure 4.8: Plot showing FKO near the band gap of the 
GaAs. 

From Figure 4.9 it can be deduced that the band gap of the GalnAs sample is 

about 0.90 ±0.01 eV. The corresponding composition of the material can be obtained 

from Figure 4.10 as Ga o.39±o.oi In o.6i±o.oi As. 
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Figure 4.9: Plot showing complete range of the previous 
two figures. 
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Figure 4.10: Plot indicating the percentage of In in the 
sample by using the value of the energy band gap. 
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4.2. Applications 

Photomodulated reflectance is a powerful technique of modulation spectroscopy. 

The sharp derivative-like features of modulated signals made it possible to study 

conveniently the band stmcture of a wide variety of semiconductors. It can provide 

accurate inter-band transition energies in bulk [1], but it is not limited to the study of the 

band gaps of bulk samples. It can be used for a variety of future research in the field of 

semiconductor physics specially in studying surfaces and interfaces, epitaxial layers, 

device stmctures, quantum wells, microcrystalline semiconductors, microstmctures, 

nanostmctures [27] and even quantum dots [28]. It is an extremely useful technique since 

it is not only contactless but requires no special mounting of the sample. It can be used 

under a wide variety of conditions such as elevated temperatures. It can be used for in-

situ monitoring of growth processes of the samples. 

By changing the wavelength of the pump beam in PR, it is possible to perform 

depth profiling of the sample [29]. H. P. Ho et al. [11] reported that doping profiling and 

effects RTA on sample could be studied using PR. Figures 4.11 and 4.12 demonstrate 

their results. 
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Figure 4.11: Plot demonstrating the use of PR showing the 
doping profiling and effects of RTA on Nitrogen implanted 
(p = 5* 10̂ ^ cm"̂ ) Si-sample. 
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Figure 4.12: Plot demonstrating the use of PR showing the 
doping profiling and effects of RTA on Nitrogen implanted 
(p = l* lO'^cm"^) Si-sample. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Conclusions 

Photomodulated reflectance is the most widely used technique of modulation 

specfroscopy. The sharp derivative-like features of modulated signals made it possible to 

conveniently study the band stmcture of a wide variety of semiconductors and to explore 

the influence of extemal perturbations such as effects of high-temperature, effects 

induced by different processes such as aimealing, growth and doping, etc. 

We were able to set up the experiment for the measurement of photomodulated 

reflectance and to write a custom LabVIEW program capable of controlling the major 

equipment, collecting data, and displaying it in real time. 

Having such a facility at the Physics Department is a big plus for future research 

in the field of semiconductor physics, specifically in studying bulk, surfaces and 

interfaces, epitaxial layers, device stmctures, quantum wells, microcrystalline 

semiconductors, microstmctures, nanostmctures [27] and even quantum dots [28]. It is an 

extremely useful technique since it is not only contactless but requires no special 

mounting of the sample. It can be used under a wide variety of conditions such as low or 

elevated temperatures. It can be used for in-situ monitoring of growth processes of the 

samples. 
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5.2 Recommendations 

From this research study, the following recommendations can be made to obtain 

reliable results. 

1. LIAs should be warmed up for at least for one hour [17]. 

2. Between each mn, DMM should be switched off and then tumed on. 

3. Only polished samples must be used for testing because unpoHshed sample scatters 

laser light which is one of the greatest cause of error. 

4. The sample should be whipped before testing for the above reason as stated in #3. 

5. Samples must be mounted firmly otherwise reflected light may not be collected at the 

window of photodiode. 

6. After each mounting, the reflected beam must be aligned to the photo-detector. 
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