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Photoluminescence spectroscopy of band-gap narrowing inn-type AlxGa1ÀxAs
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We present an experimental investigation of band-gap narrowing inn-type AlxGa12xAs using photolumi-
nescence spectroscopy at room temperature, as a function of electron concentration. The observed systematic
shift of the band-to-band transition energy to lower energies with increasing electron concentration has been
attributed to band-gap narrowing in AlxGa12xAs. The experimental results have been compared with the
available theoretical calculations and interpreted as many-body effects due to exchange and correlation among
majority and minority carriers.
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In a heavily doped semiconductor, the density of sta
differs from that of the undoped pure crystal due to ma
body effects. The electron-electron interactions shift the c
duction and valence bands towards each other and c
band-gap narrowing~BGN!. BGN induced by heavy doping
has been extensively investigated in elemental and III-V
nary compound semiconductor such as GaAs.1–7 In contrast,
no experimental effort has been devoted to study BGN
important ternary alloy semiconductor such as AlxGa12xAs.7

The effects of heavy doping on the optical and electri
properties of semiconductors have been widely investiga
over the years because of two reasons: first the fundam
tal physics underlying BGN and second their importance
device applications. Heavily doped layers are integrated
many devices and the estimation of BGN is an import
input in device simulations. AlxGa12xAs is the most widely
used alloy semiconductor for fabricating heterostructure
vices, such as field effect transistors and light emitting
vices. Furthermore, several theoretical calculations3,8–13with
different techniques have been published. Hence more
periments on BGN in different semiconductors with differe
intervals of doping would therefore appear motivated.

Photoluminescence~PL! spectroscopy has emerged as
standard and powerful technique to study the optical prop
ties of bulk and low-dimensional semiconductor structures
is highly desirable to adopt a noncontact, nondestructive
tical technique to determine the homogeneity of the crys
line quality and distribution of alloy composition in the ep
taxial layer. PL spectroscopy is routinely used to characte
the quality of semiconductor substrates and thin epita
layers for different device structures and for determining
composition in ternary and quaternary alloy semiconduct
PL spectroscopy is a direct way to measure the band-
energy as a function of different parameters, such as ca
concentration, excitation intensity, temperature, press
and magnetic field. The low-temperature PL spectra fr
III-V binary and ternary compound semiconductors with re
sonably good crystalline quality are dominated by band-e
and near-band-edge transitions. The underlying recomb
tion processes can be identified from the behavior of
spectra as a function of temperature and excitation inten
Low-temperature PL spectroscopy is usually performed
study the excitonic recombination mechanisms in semic
ductors, but recently room-temperature PL spectroscopy
PRB 620163-1829/2000/62~12!/8053~5!/$15.00
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received attention for different reasons.14,15 In most cases,
band-to-band~BB! transitions can be observed only at roo
temperature or at higher temperature. Several many-body
fects such as BGN, screening, and carrier-exciton scatte
can be studied using room-temperature PL spectrosco7

Beside the understanding of basic physics regarding
mechanism of recombination processes at higher temp
ture, determination of the quantum efficiency of the BB tra
sition at room temperature is extremely important for op
electronic devices based on AlxGa12xAs.

In this work, the ternary alloy semiconductor AlxGa12xAs
has been used to study the nature of BB radiative recom
nation at room temperature and the effect of electron po
lation on the unperturbed band gap. Several important ba
edge transitions, including excitonic- and impurity-relat
recombination processes, have been investigated
Al xGa12xAs epilayers,7 but the BB transition involving free
electrons and free holes has not been studied rigorousl
Al xGa12xAs. The goal set in this paper is to study the role
many-body effects on the BGN inn-type AlxGa12xAs.
Al xGa12xAs epitaxial layers with different AlAs mole frac
tions and doping level ranging from 331016 to 3
31018cm23 have been used in this investigation. To avo
other perturbations, such as electron-donor impurity inter
tion, band tailing, and band filling effects due to heavy do
ing on the unperturbed band gap, we have carefully cho
this interval of doping concentrations. The impurity ba
caused by statistical fluctuations due to impurity-impur
interactions and the random distribution of impurities intr
duces band tails in the conduction band. A detailed theo
ical analysis that rigorously combines many-body effects d
to exchange-correlation and statistical fluctuations is
tremely complicated problem.16 As far as our knowledge
goes, there is no first-principles calculation available for t
problem. This particular range of doping concentration
also important for electronic and optoelectronic devices.
have also used the excitation intensity dependence of the
transition energy at room temperature to study the BGN
Al xGa12xAs. In summary, the main objective of this paper
to study the effects of exchange and correlation on the B
in n-type AlxGa12xAs.

The AlxGa12xAs samples were Se doped and grown
metal organic chemical vapor epitaxy~MOCVD! on a semi-
insulating and n-type GaAs substrate. The activ
8053 ©2000 The American Physical Society
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Al xGa12xAs layers are separated from the GaAs substrate
an undoped spacer layer to avoid any two-dimensional~2D!
effects. The AlAs mole fractions were determined by PL
7.8 K using the relation7 Eg(Al xGa12xAs)51.519411.48x.
Two sets of samples were grown with AlAs mole fractions
x50.11 and 0.22. Thicknesses of all AlxGa12xAs layers
were about 2–4mm. The electron concentrations were det
mined by Hall measurements. The maximum electron c
centrations were found to be 2.831018 and 2.631018cm23

in Al0.11Ga0.89As and Al0.22Ga0.78As, respectively. The
samples were housed in optical cryostat with front surf
excitation and emitted radiation was collected for PL sp
troscopy. The PL spectra were collected in the wavelen
region of 600–900 nm. An infrared filter was used to blo
any light shorter than 600 nm. The samples were kept
closed-cycle He refrigerator and excited with 457- or 514-
lines of an Ar1 ion laser. The PL signal was collected into
0.46-m Jobin-Yvon grating monochromator and detected
ther with a liquid-nitrogen-cooled Ge detector or Si detect
The excitation density was varied from 10 mW cm22 to 100
W cm22 by a neutral density filter or by varying the outp
power of the laser. The PL data were processed using
lock-in technique. The spectral response of the system
calibrated using a blackbody source.

Typical room-temperature emission spectra inn-type
Al xGa12xAs as a function of electron concentration forx
50.11 and 0.22 are shown in Figs. 1 and 2, respectiv
Room-temperature PL spectra are characterized b
Maxwell-Boltzmann line shape on the high-energy side a
a relatively sharp cut off on the low energy side caused
the (Eg2E)1/2 dependence, whereEg is the band gap. The
insets of Figs. 1 and 2 show the PL spectra at 7.8 K. Lo
temperature PL spectra show bound exciton~BE! and donor
acceptor pair~DAP! recombination. Figures 1 and 2 sho
the PL spectra at 300 K for three electron concentrations,
it is clear that BB peaks shift towards lower energy as
electron concentration increases. It has been observed1–7 that
as a function of doping concentration, BB peak maxima
n-type GaAs shift to higher energies while thep type shifts
to lower energies. The contribution due to the Burstein-M

FIG. 1. PL spectra of Al0.11Ga0.89As with ~a! 8.231016 cm23,
~b! 2.431017 cm23, and ~c! 8.931017 cm23 electron concentration
at 300 K. An increase of the doping level shifts the band-to-ba
peak to lower energies. PL spectra of Al0.11Ga0.89As with 2.4
31017 cm23 electron concentration at 7.8 K are shown in the ins
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effect overrules the BGN inn-doped GaAs, contrary to
p-doped GaAs. Hence the band-gap filling is more p
nounced inn-doped GaAs compared top-doped GaAs due to
the small electron effective mass.5 In case of n-doped
Al xGa12xAs, the band-gap filling cannot overrule BGN du
to a higher electron effective mass compared to that in Ga
We have also avoided band-gap filling in our AlxGa12xAs
samples by carefully choosing the carrier concentration s
that except for few samples with carrier concentration
8.931017 and 2.831018cm23 in Al0.11Ga0.89As and 9.6
31017 and 2.631018cm23 in Al0.22Ga0.78As, all samples are
nondegenerate. It is clear from the Figs. 1 and 2 that the
peak broadens as the doping concentration increases, bu
typical BB recombination line shape does not change sign
cantly with doping concentration. If the doping concentrati
is increased beyond 531018cm23, the line shape of PL spec
tra at 300 K changes completely and becomes more lik
Gaussian line shape and the determination of the band
energy from PL spectra becomes doubtful. Figure 3 sho
the dependence of the BB emission intensity on laser pow
The BB peak at 300 K increases following the relationP
}Lm, whereP is the integrated PL intensity andL is the laser
power. The BB peak shows an expected14 linear dependence
with m51.01 and 1.09 in Al0.11Ga0.89As and Al0.22Ga0.78As
respectively. Impurity-related recombination is genera
characterized bym,1, which is in disagreement with ou
experimental observation for BB transitions. The redshifts
BB transitions energies in Al0.11Ga0.89As and Al0.22Ga0.78As
at 300 K are shown as a function of the logarithm of electr
concentration in Fig. 4. The variation ofEg can be fitted with
Eg5Eg

02aN1/32bN1/4, where Eg
0 is the unperturbed band

gap andN is the electron concentration. The coefficientsa
andb are evaluated by fitting with experimental data~Fig. 4!.
From experimental data we could derive following empiric
relations for BGN:

DEg523.231028N1/325.531027N1/4 ~1!

for Al0.11Ga0.89As and

d

t.

FIG. 2. PL spectra ofn-doped Al0.22Ga0.78As with ~a! 4.5
31016 cm23, ~b! 1.331017 cm23, and ~c! 9.631017 cm23 electron
concentration at 300 K. An increase of the doping level shifts
band-to-band peak to lower energies. PL spectra of Al0.22Ga0.78As
with 1.231017 cm23 electron concentration at 7.8 K are shown
the inset.
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DEg522.431028N1/326.231027N1/4 ~2!

for Al0.22Ga0.78As. Figures 5 and 6 show the excitation i
tensity dependence of the position of BB transition energy
Al0.11Ga0.89As and Al0.22Ga0.78As, respectively, at 300 K. It
is clear from Figs. 5 and 6 that there is strong but continu
shift of the entire spectrum towards lower energies as
laser power increases. We have avoided very high la
power where we start observing a change in the line shap
the PL spectra. Localized heating due to high-intensity la
excitation at the sample surface was thought to be the re
for the redshift of the PL spectra. The same excitation int
sity was used at 7.8 K, but no redshift has been observe
the case of BE-related PL peaks, which is evident from
inset of Figs. 5 and 6. Thus the redshift of the BB PL pe
position is believed to be related to band-gap shrinkage
to many-body effects.15 BB PL peaks in other samples wit

FIG. 3. Log-log plot of integrated PL intensity vs excitatio
intensity for the BB peak at 300 K in~a! Al0.11Ga0.89As with 2.4
31017 cm23 electron concentration and~b! Al0.22Ga0.78As with 1.3
31017 cm23 electron concentration.

FIG. 4. Band-gap energy determined from the 300 K PL spe
~given in Figs. 1 and 2! shown as a function of logarithm of electro
concentration for~a! Al0.11Ga0.89As and ~b! Al0.22Ga0.78As. Solid
lines are the fitted curves.
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different electron concentrations show a similar trend w
excitation intensity. In the case of experiments on BGN a
function of excitation intensity, it can be assumed15,17 that
the electron concentrationN}I , where I is the excitation
intensity. The redshift of the BB transition energies
Al0.11Ga0.89As and Al0.22Ga0.78As at 300 K are shown as
function of excitation intensity in Fig. 7. From experiment
data we could derive the following empirical relation fo
BGN:

DEg529.331023I 1/323.131023I 1/4 ~3!

for Al0.11Ga0.89As and

DEg521.131022I 1/321.431022I 1/4 ~4!

for Al0.22Ga0.78As. The absence of a logarithmi
dependence18 of the BB peak energy with excitation intensit

a

FIG. 5. PL spectra of Al0.11Ga0.89As with 2.431017 cm23 elec-
tron concentration at 300 K for three different excitation intensiti
I 5100 mW/cm2. An increase of the excitation intensity shifts th
band-to-band peak to lower energies. The inset shows the PL s
tra for two different excitation intensities at 7.8 K. There is n
redshift of the bound exciton peak with excitation intensity.

FIG. 6. PL spectra of Al0.22Ga0.78As with 1.331017 cm23 elec-
tron concentration at 300 K for three different excitation intensiti
I 5100 mW/cm2. An increase of the excitation intensity shifts th
band-to-band peak to lower energies. The inset shows the PL s
tra for two different excitation intensities at 7.8 K. There is n
redshift of the bound exciton peak with excitation intensity.
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rules out the existence of strong band tailing effects
Al xGa12xAs with the range of doping used for this inves
gation.

We have determined the band-gap energyEg from the PL
spectra by a linear extrapolation of the low-energy side of
spectrum to the background level as proposed by Olega
Cardona4 in case of heavily doped GaAs. PL arising fro
BB recombination exhibits an emission peak displaced
higher energy than the band-gap valueEg . This occurs due
to following line shape of BB transitions assumingk
conservation:19

I PL}~E2Eg!1/2expS 2
E2Eg

kBT D , ~5!

which corresponds to the BB emission peak maximum
Eg1 1

2 kBT (kB is Boltzmann’s constant!. We have found that
the difference between BB peak maxima andEg is around
19.4 and 24.4 meV in Al0.11Ga0.89As with 2.431017cm23

and Al0.22Ga0.78As with 1.731017cm23 electron concentra
tions, respectively. This difference increases with dop
concentration and becomes around 33.6 and 38.1 meV in
case of Al0.11Ga0.89As with 8.931017cm23 and
Al0.22Ga0.78As with 9.631017cm23 electron concentrations
respectively. As the doping concentration increas
electron-impurity and electron-electron scattering that
laxes thek-conservation andk-nonconserving BB transition
becomes dominant. If we include this effect, the line sha
of the BB transitions can be given by20,21

I PL}~E2Eg!n expS 2
E2Eg

kBT D , ~6!

where exponentn is greater than12 and the BB emission pea
maximum occurs atEg1nkBT. We have observed thatn
depends on doping concentration and AlAs mole fraction
has been observed in Hg12xCdxTe ~Ref. 20! and InAs12xSbx
~Ref. 21! that BB recombination peaks at photon energies
as high as 2kBT above the band-gap energy. The narro

FIG. 7. Band-gap energy determined from the 300 K PL spe
~given in Figs. 5 and 6! shown as a function of logarithm of exc
tation intensity for~a! Al0.11Ga0.89As with 2.431017 cm23 electron
concentration and~b! Al0.22Ga0.78As with 1.331017 cm23 electron
concentration. Solid lines are the fitted curves.
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linewidth ~;5 meV! of the BE at 7.8 K and strong BB tran
sition at 300 K indicate the high quality of our epitaxi
layers. We could observe BB transitions with an excitati
intensity as low as 1 mW cm22. Singh and Bajaj22 have
shown that the alloy broadening of exciton is around 2 m
at an Al fraction of 0.11. This means an additional 3 me
broadening in the exciton peak is caused by impurities
local variations in the alloy composition. If thermal- an
impurity-related broadening is ignored and it is assumed
3 meV broadening is caused by alloy fluctuations, the dev
tion in alloy composition can be calculated and it turned o
to be less than 0.003 in the absolute value of the Al fracti
We have also studied the variation of the band gap
Al xGa12xAs due to alloy fluctuation by scanning the samp
with BE peak energy. We have observed that the variation
the BE peak energy is small~;0.1 meV/cm! across the
sample. This fluctuation corresponds to a variation ofx less
than 0.001 per cm and rules out the possibility of an en
getic shift of the BB peak as a function of electron conce
trations and excitation intensities towards lower energy d
to band gap variation caused by alloy fluctuation.

The presence of the large concentration of free carr
can cause a significant reduction of the unperturbed band
in semiconductors. This reduction is caused by many-b
effects and carrier-impurity interactions. As the doping de
sity increases, the conduction band edge moves downw
and the valence band edge moves upward. The perturba
to the unperturbed band gapEg

0 comes from~i! a random
distribution of impurities and alloy fluctuations, which a
almost independent of doping density,8 and~ii ! an interaction
between electrons and donor impurities, which is apprecia
only for very high carrier concentration (.1019cm23!.8 To
avoid these contributions, we have performed our BGN
periments with moderately doped samples with a maxim
electron concentration of 1018cm23. The subject of this in-
vestigation is to study the effect of electron-electron inter
tions on BGN, which has been studied theoretically by s
eral groups.8–13,23,24Assuming noninteracting quasiparticle
the dispersion for the conduction band is given by

Ec~k,v!5ec
0~k!1\Sc~k,v!, ~7!

whereec
0(k) is the conduction band energy and\Sc(k,v) is

the self-energy of the electrons. As the valence band is c
pletely filled, the Hatree-Fock exchange interaction\Sv

HF(k)
is included in the unperturbed band energyev

0(k). Hence the
dispersion for the valence band can be given by

Ev~k,v!5en
0~k!1\Sc~k,v!2\Sv

HF~k!. ~8!

Hence the BGNDEg is given by

DEg5DEc~k,v!2DEv~k,v!. ~9!

If we neglect the electron-donor interaction, two terms co
tribute in DEc : those are exchange and correlation en
gies of the majority carriers~electrons!. The only contribu-
tion to the hole energyDEv in case ofn-type semiconductors
~when holes are minority carriers! comes from the correla
tion energy due to its interaction with its own screeni
cloud. Hence there are three energy terms which contrib
to the reduction of the band gap with electron population a

a
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it has been shown23 that the effective change in the band g
due to many-body interactions can be given by

DEg52aN1/32bN1/4, ~10!

where the first term is due to the exchange interaction, wh
comes from the spatial exclusion of the like spins away fr
each other. The second term is due to the correlation ene
which comes from the repulsion of the like charges, so t
they do not move independently, but in such a way so a
avoid each other as far as possible. It has been argued ag
the assertion given by Inkson24 that the contribution of the
correlation energy toDEg is not important, because correla
tion energies cancel from the conduction and valence ba
This would be possible if correlation energies have oppo
sign and carriers have the same effective mass with the s
k. These assumptions are not valid in real systems. Furt
more, the correlation energies of both electrons and holes
negative and they actually add and do not cancel each o

In case of very high doping, strong band tailing and lif
time broadening distort the density of states of the cond
tion band and cause band-gap shrinkage. This causes
determination of the band gap from the room-temperature
spectra unreliable. This might be one of the reasons
observing1–6 different dependences ofDEg on the majority
carrier density. Moreover, in the case of ternary semicond
tors like AlxGa12xAs, alloy fluctuation can also cause ban
tailing. Experimentally, it is extremely difficult to separa
the different contributions in the band tailing from hea
doping and alloy fluctuations. We have observed a comp
change in the line shape of the room-temperature PL spe
of Al xGa12xAs when the doping is increased from 231018
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to 531018cm23. For determining the role of many-body e
fects due to exchange and correlation, it is desirable to
strict the doping concentration in such a way that the typi
BB line shape can be observed in the PL spectra. Our as
tion of ignoring the electron-impurity interaction and stron
band tailing is justified by the results of experiments on
dependence of the band gap on excitation intensity. This
much cleaner experiment to study the role of exchange
correlation on the reduction of the band gap. In both exp
ments on BGN, i.e., the variation of the band gap as a fu
tion of electron concentration and excitation intensity, t
experimental results coincide with the theoretic
predictions23 @Eq. ~10!# based on second-order perturbati
theory with the random phase approximation. It is not p
sible to make any comments on the value of coefficienta
andb, because neither detailed theoretical nor experime
results are available on BGN in AlxGa12xAs.

In conclusion, band-gap narrowing effects have be
studied in AlxGa12xAs as a function of electron concentra
tion and excitation intensity. The band-to-band transiti
shows a redshift due to band-gap narrowing as the elec
concentration or excitation intensity increases. It has b
found that exchange and correlation among majority and
nority carriers causes band-gap narrowing in modera
dopedn-type AlxGa12xAs.
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University of Stuttgart for his help in this investigation. Th
work was partly supported by the Department of Science
Technology, India.
.

B

t-

.

1D. A. Cusano, Appl. Phys. Lett.6, 151 ~1965!.
2J. I. Pankove, J. Appl. Phys.39, 5368~1968!.
3R. A. Abram, C. J. Rees, and B. L. Wilson, Adv. Phys.27, 799

~1978!.
4D. Olego and M. Cardona, Phys. Rev. B22, 886 ~1980!.
5G. Borghs, K. Bhattacharya, K. Deneffe, P. Van Mieghem, and

Mertens, J. Appl. Phys.66, 4381~1989!.
6Z. H. Lu, M. C. Hanna, and A. Majerfeld, Appl. Phys. Lett.64,

88 ~1994!.
7L. Pavesi and M. Guzzi, J. Appl. Phys.75, 4779~1994!.
8K. F. Berggren and B. E. Sernelius, Phys. Rev. B24, 1971

~1981!.
9H. S. Bennett and J. R. Lowney, J. Appl. Phys.52, 5633~1981!.

10B. E. Sernelius, Phys. Rev. B33, 8582~1986!.
11W. Bardyszewski and D. Yevick, Phys. Rev. B35, 619 ~1987!.
12H. S. Bennett and J. R. Lowney, J. Appl. Phys.62, 521 ~1987!.
13S. C. Jain, J. M. Mcgregor, and D. J. Roulston, J. Appl. Phys.68,

3747 ~1990!.
14J. Lee, N. C. Giles, D. Rajavel, and C. J. Summers, Phys. Re
.

B

49, 1668~1994!.
15M. Smith, J. Y. Lin, H. X. Jiang, and M. A. Khan, Appl. Phys

Lett. 71, 635 ~1997!.
16P. Van Mieghem, G. Borghs, and R. Mertens, Phys. Rev. B44,

12 822~1991!.
17T. Schmidt, K. Lischka, and W. Zulehner, Phys. Rev. B45, 8989

~1992!.
18M. Levy, P. Y. Yu, Y. Zhang, and M. P. Sarachik, Phys. Rev.

49, 1677~1994!.
19H. B. Bebb and E. W. Williams, inSemiconductors and Semime

als, edited by R. K. Willardson and A. C. Beer~Academic, New
York, 1972!, Vol. 8, Chap. 4, p. 238.

20A. Ravid and A. Zussman, J. Appl. Phys.67, 4260~1990!.
21Z. M. Fang, K. Y. Ma, D. H. Jaw, R. M. Cohen, and G. B

Stringfellow, J. Appl. Phys.67, 7034~1990!.
22J. Singh and K. K. Bajaj, Appl. Phys. Lett.48, 1077~1986!.
23G. D. Mahan, J. Appl. Phys.51, 2634~1980!.
24J. C. Inkson, J. Phys. C9, 1177~1976!.


