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The optical constants of InGaAs were determined as a function of electron 
concentration in the range from 1015 to 2 • 1019 cm -3 by reflectance- and 
transmission-spectroscopy. A pronounced shift of the fundamental absorption 
edge toward shorter wavelengths with increasing doping concentration was 
found. The experimental results can be satisfactorily explained by band-filling 
and band-gap shrinkage. 
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INTRODUCTION 

Due to its superior electronic properties the ternary 
semiconductor Ino.53Gao.47As (InGaAs for short), lat- 
tice matched to InP, has found wide application in 
high-speed electronic and optoelectronic devices. In 
order to model such optoelectronic devices and to 
understand their performance, a precise knowledge 
of the optical properties of InGaAs near its band-edge 
is necessary. In general, the refractive index ~ and 
the absorption coefficient ~ are functions of the 
carrier-concentration. In several n-type semiconduc- 
tors, the fundamental absorption edge shifts to shorter 
wavelengths with increasing electron concentration. 
This phenomenon, the so-called Burstein-Moss ef- 
fect, 1 has been explained by band-filling. Since it 
depends on the curvature and density of states of the 
conduction-band, it is more pronounced in semi- 
conductors with small effective mass. Therefore, it 
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can be expected that among the whole range of 
In I xGar~SPl_yalloys, lattice matched to InP, InGaAs 
will show the strongest variation of the optical prop- 
erties near the band-gap. However, compared to ex- 
perimental results, the calculations of the band-gap 
variation based solely on the Burstein-Moss effect, i.e. 
the penetration of the Fermi-level into the conduction 
band, always lead to considerably larger energy shifts. 
This deviation was attributed to the shrinkage of the 
fundamental band-gap due to electron-impurity and 
electron-electron interactions. Thus, for theoretical 
description of the variation of the optical properties of 
InGaAs with doping concentration band-filling as 
well as band-gap shrinkage have to be taken into 
consideration. 

In the past, the optical constants of InGaAs were 
determined by several authors using undoped mate- 
rial. ~ Humphreys et al. 7 measured the absorption 
coefficient for two InGaAs layers with different hole 
concentrations. Besides these investigations, no ex- 
perimental data are available for the carrier-concen- 
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Table I. Thickness d, Electron Concentration n, 
and Room-Temperature Mobility ~ of the 

Investigated InGaAs Samples 

Sample # d (~tm) n (cm -3) ~(cm~Ns) 

1 3.8 2.8 • 1015 9140 
2 3.3 7.8 x 1015 9540 
3 2.1 1.1 x 1016 9380 
4 2.6 5.3 • 1016 7740 
5 3.9 1.1 • 101~ 7700 
6 2.5 5.4 x 101~ 5520 
7 4.2 1.9 x 10 TM 4200 
8 3.9 6.9 • 10 TM 3300 
9 3.8 1.3 • 10 TM 2600 

10 2.5 1.8 • 1019 2160 
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Fig. 1. Refract ive index spec t ra  of n-ln0.~Ga047As of different electron 
concent ra t ions.  
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Fig. 2. Absorption spectra of n-lno~Gao,~TAs of different electron 
concentrations. 

tration dependence of absorption coefficient and re- 
fractive index of InGaAs. It is our aim to fill this gap. 

EXPERIMENT 

The samples investigated in this work were grown 
by liquid-phase epitaxy (LPE) on (100) InP:Fe using a 
s tandard graphite sliding boat2 We employed as 
dopant tin for the medium doping range, and above 

2 x 10 is cm -z tellurium was used. The thickness of the 
lattice matched InGaAs layers was obtained micro- 
scopically with stained cleavage planes. By van der 
Pauw measurements,  the electron concentration and 
mobility were determined. Table I lists the electrical 
characteristics and the thickness of the samples. To 
evaluate the absorption coefficient and the index of 
refraction, the spectral t ransmit tance and reflectance 
of the samples were measured at normal and near  
normal incidence, respectively. The angle of incidence 
of the lat ter  case was less than  eight degrees. The 
optical setup consists of a monochromator with a 600 
1/mm grating for the spectral range of 0.6-2 ~m and a 
300 W current-stabilized xenon lamp as a light source. 
A calibrated germanium photodiode with a diameter  
of 10 mm was used as a detector. To obtain the 
reflectance of the samples, the measured spectra 
were compared to a known reflectance spectrum of a 
freshly deposited gold mirror. Before the investiga- 
tions, the rough back surface of the samples was 
polished on a Pellon disk using an 0.4% bromine- 
methanol solution. With this preparation, errors due 
to the scattering of light were minimized to below 5% 
as secured in the t ransparent  regime of the samples. 

The absorption coefficient ~ and the refractive 
index ~ were calculated from the transmission and 
reflection spectra using a matrix formalism for the 
parallel-plate system taking into account multiple 
reflections2 Interference effects were neglected be- 
cause of inevitable thickness inhomogeneities of the 
LPE grown layers. According to Table I, the thickness 
of the examined InGaAs layers range from 2 to 4 pro. 
With our optical setup, this corresponds to an easily 
accessible range for the absorption coefficient be- 
tween 3 x 102 and 2 x 104 cm -1. 

RESULTS AND DISCUSSION 

Figure 1 presents the measured refractive index of 
InGaAs for three different electron concentrations. 
Since the reflectivity measurements  are very sensi- 
tive to the roughness of the InGaAs surface, the 
relative error is about A ~ = +0.04 as indicated by the 
vertical error bar. The spectral course of the refractive 
index is in agreement with tha t  calculated from the 
absorption, presented later, by applying the Kramers- 
Kronig relation. 1~ For low electron concentrations (n 
= 2.8 x 1015 cm-a), the refractive index shows a pro- 
nounced resonance at the energy where the absorp- 
tion coefficient changes most rapidly. This peak flat- 
tens out more and more for increasing electron con- 
centrations. Due to the shift of the band-gap, the 
decrease of the refractive index occurs at higher 
energies. The refractive indices at  the band-edge 
determined by Chandra et al. 3 ( ~ = 3.58) and Burkhard 
et alY (~  = 3.55) for undoped InGaAs support our 
measurements.  

The absorption coefficient ofn-InGaAs is displayed 
for different electron concentrations n in Fig. 2. The 
agreement with the results of Humphreys et a12 for 
undoped InGaAs at  the photon energies hco of 0.8, 
0.95, and 1.24 eV (corresponding to wavelengths of 
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1.55, 1.3, and 1.0 }Am, solid symbols) is good. As 
expected, a distinct shift of the fundamental  absorp- 
tion edge toward higher energies (Burstein shift due 
to band-filling) occurs with increasing carrier concen- 
tration. For example, the absorption coefficient of 
InGaAs at a wavelength of 1.3 ~tm is less than 300 cm -~ for 
an electron concentration of 1.8 x 10 TM cm -3 (not shown 
in Fig. 2 ). In comparison with n-InP n and n-InGaAsP, ~2 
the shift of the fundamental  absorption edge is more 
significant which results  from the smaller effective 
density of states in the conduction band of InGaAs. 
The data in Fig. 2 show an exponential absorption 
tail, which can be described by the Urbach rule ~a 

a = e c  e x p -  ~ .) (1) 

E (Urbach energy) ~4 and a u are fitting parameters  
and E is the band-gap of InGaAs. This absorption tail g 

is assumed to result  from internal electrical fields 
caused by phonons, impurities, and excitons. ~5 The 
Urbach energy is tempera ture  dependent,  which is 
often approximated as TM 

h% ( r ~% qY' Eu =  tanh[2-- ] j (2) 

~ is a constant which can be related to the tempera- 
ture  dependence of the band-gapY ~o) corresponds 
in some cases to the energy of the phonons involved in 
the formation of the absorption ta i lY 

It is found from Fig. 2 tha t  the slope of the absorp- 
tion tail corresponding to the Urbach energy 

E = [ d ( l n a ) / d ( h m ) ] - '  (3) 

increases with increasing doping concentration as 
also found with GaAs. ~4 Figure 3 gives this depen- 
dence for InGaAs at room temperature.  In this figure, 
the Urbach energy is presented in dependence on the 
cubic root of the reciprocal electron concentration 
which is a measure  of the average distance between 
donors. The measured values (solid squares) are com- 
pared to the results by Rajalakshmi and Arora ~8 for n- 
InGaAsP (open triangles), calculated for 300K by use 
of(2) with hco = 41.5 meV. TM In order to determine E 
for 300Kbase~l on the measurements  by Rajalakshmi 
and Arora ~8 taken at 80K we included the tempera- 
ture dependence of ~o by ~o = 3k/( -dEJdT)Y Given 
E(T) ,  18 we find ~ (80K) = 1.45 and ~ (BOOK) = 0.96. 

"Up to electron concentrations of about 10 ~7 cm ~, the 
Urbach energy in InGaAs is approximately 13 meV 
(see Fig. 3), which is slightly smaller than the value 
for InGaAsP (16 meV). Beyond 10 ~7 cm ~, the Urbach 
energy increases with n "~ for both compositions. One 
reason for the doping dependence of the Urbach en- 
ergy is the increasing perturbation of the band edge 
by the internal electrical field fluctuations of the 
impuri t iesJ  s leading to tails in the density of states. 
Since the Urbach energy decreases proportional to 
the cubic root of the reciprocal electron concentration, 

it can be expected that  this interaction depends on the 
mean  dis tance of the impuri t ies .  Alternat ively,  
Economou et al. 19 showed that  the Urbach energy is 
related to potential fluctuations on a microscopic 
scale. Following this model the doping dependence of 
the Urbach energy is the result  of impurity disorder. 

In order to determine the effective energy Eg o~t for 
optical band-to-band transit ions as a function ~f the 
electron concentration, we used the functional depen- 
dence of the absorption coefficient ~ on the photon 
energy ha). Assuming a direct band gap, a nondegen- 
erate semiconductor and parabolic bands this depen- 
dence can be wri t ten as ~ 

he - Eg opt) ~2 
~ ' (4) 
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In the case of a degenerate direct band-gap semicon- 
ductor, the absorption coefficient can be described 
by 11 

(hfD - -  E g , op t )  2 
~ (5) 

ha) 

By plotting (~h(o) 2 or (~h(o) m vs photon energy and by 
extrapolating the linear par t  of the absorption curve 
E t was obtained In Fig 4, the results are repre- g,~p �9 . 
sented as solid symbols. For a theoretical explana- 
tion, we considered the penetration of the Fermi level 
into the conduction band (band filling) and the band- 
gap shrinkage due to electron-impurity interaction 
(band tailing) and electron-electron interaction (Cou- 
lomb interaction). The energy for direct band-to-band 
t r a n s i t i o n s  Eg, opt was taken as 

Eg,opt -- Eg  o + E~ - Ebt  - E in  t (6) 

with Ego being the energy gap ofundoped InGaAs, E F 
the Fermi energy relative to the bottom of the conduc- 
tion band, El, t and Ein t the energies for the band-gap 
shrinkage due to band tailing and due to Coulomb 
interaction, respectively. 

In order to calculate EF, we used the expression 
given by Raymond et al. 2~ 

t:I:l = o~z(3'rl:2)~/3 ( h---~--2,/n ~3. 
[ 2 m o )  

(7) 

m o denotes the effective mass  at the bottom of the 
conduction band. The nonparabolicity factor a can be 
calculated after Kane's three-band model. 1~ This ap- 
proach is supported by experiments for large values of 
n. 2~ In the calculation of a for the analysis of our 
experiments we used E~ = 0.741 eV for the band-gap 
energy,22 A = 0.312 eV ~or the split-off valence-band 
energy 23 and m o = 0.041 m ( m  free-electron mass). 2t 
Since E F after this procedure vanishes for electron 
concentrations above 10 ~9 cm ~, we added an empirical 
correction factor E as a fitting parameter,  as proposed 
by Beaumont  et al. for InGaAsP? 2 For a screened 
Coulomb potential the band-gap shrinkage due to the 
electron-impurity interaction can be wri t ten as 11 

(n4/3h2)n2/3(1 I(1 O) 
Ebt=t.--~7-- ) i.~o-o)1 " - 2  E ~ . (8) 

The term (1/m o )(1-20/E~o) is the conductivity effec- 
t ive  m a s s  w h e r e  �9 ~akes in to  a c c o u n t  t he  
nonparabolicity of the conduction band for large n. 
The conductivity effective mass  is synonymous with 
the optical effective mass. 25 Equation (8) is valid 
under  the assumptions of a linear screening approxi- 
mation and a degenerate semiconductor with nonpara- 
bolic band. For the same reasons as discussed above, 

the nonparabolicity contribution to Ebt is empirically 
corrected by the factor Z. 

The shrinkage of the band-gap resulting from the 
Coulomb interaction between carriers is given by 26 

e 3 3. . . . . .  nV (9) 
Ei" t  2n e0e r U 

In our calculation, we used �9 = 13.9 for the dielectric r 
constantY In Fig. 4, the contributions to the band-gap 
variation in InGaAs resulting from band filling and 
band-gap shrinkage are presented in dependence on 
the electron concentration (dashed curves). The solid 
curve shows Eg opt calculated after Eq. (6) in combina- 
tion with Eqs.[7)-(9) and 0.7 as the value for the 
fitting parameter  ~. Clearly visible is the increase of 
the band-gap for optical band-to-band transit ions for 
electron concentrations above 10 is cm ~. At n = 2 • 1019 
cm n, the band-gap shift is about 250 meV, which is 
mainly caused by band filling. The experimental 
results as derived from the absorption coefficients 
(solid dots) are in good agreement  with the theory in 
the low and high concentration range. For n = 2 • 10 TM 

cm -3, the experimentally determined energy deviates 
from the calculated band-gap because in this concen- 
tration range between nondegeneracy and degen- 
eracy of the InGaAs, none of the approximations of 
Eqs. (4) and (5) are valid. Therefore, we compared the 
bandgap derived from Eq. (4) and Eq. (5) with the 
results from photoluminescence measurements  at  
room temperature.  We found that  the band-gap ob- 
tained from photoluminescence measurements  agrees 
with the results from the absorption curves (not 
shown) with the exception of E opt at n = 2 • 10 TM cm -~ 
(open symbol). This demonstrates  tha t  the experi- 
mental  results can be described satisfactorily by our 
formalism. However, it must  be stressed tha t  we use 
Eq. (9) beyond the range of its validity and that  we 
adjust Eq. (7) and Eq. (8) to our experiments by 
introducing the fitting parameter  Z. 

SUMMAR Y 

The absorption and refraction ofn-InGaAs near  the 
band-edge were measured by reflection and transmis- 
sion spectroscopy in dependence on the electron con- 
centration. From the absorption spectra, the Urbach 
energy and the band-gap for optical band-to-band 
transitions were determined. Due to the small effec- 
tive electron mass  in InGaAs a strong band filling 
occurs leading to a shift of the fundamental  band-gap 
with increasing electron concentration that  becomes 
very pronounced above 1017 cm ~. The variation of the 
optical band-gap with doping concentration was ex- 
plained by band filling and band-gap shrinkage, which 
were both calculated for nonparabolic bands. For a 
good agreement  between theory and experiment, it 
was necessary to correct empirically the effective 
electron mass following from the usual  approach by 
Raymond et al. 2~ Without  this correction, the effective 
electron mass  becomes infinite at  electron con- 
centrations greater  than 1019 cm ~. 
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