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Band-gap shift in heavily dopedn-type Al0.3Ga0.7As alloys
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The band-gap shift of heavily Si-doped Al0.3Ga0.7As alloys has been investigated theoretically and experi-
mentally at low temperature. The calculations are carried out within a framework of the random phase ap-
proximation and the electron-electron, electron-optical phonon, and electron-ion interactions have been taken
into consideration. The experimental data have been obtained with photoluminescence and photoluminescence
excitation spectroscopy. Theoretical and experimental results fall closely together in a wide range of impurity
concentration.@S0163-1829~99!02928-8#
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I. INTRODUCTION

Owing to the technological applications in a variety
high-performance, modern optoelectronic devic
Al xGa12xAs alloys have been extensively investigat
recently.1–20 Most of these investigations were directed t
wards the information extracted from the optical properti
such as, e.g., carrier effective masses, energy gap, dono
acceptor binding energies,4,8,10–12,20 Hall measurements,13

DX centers,4,7,14 excitonic states,15,16 dense electron-hole
systems,17 hydrostatic pressure,18 and temperature depen
dence of the energy gap.5 However, neither experimental no
theoretical efforts have been much devoted to investigate
band-gap shift ~BGS!, caused by heavy doping o
Al xGa12xAs alloys. Understanding the role of impurities
very important to semiconductor device technology. The
ficiency of these devices is strongly affected by the incor
ration of impurities and the variation of alloy composition
well. Experiments on doped semiconductors, above the
purity critical concentrationNc for the metal-nonmeta
~MNM ! transition ~Mott transition!, reveal a BGS beyond
10% of the band gap of the pure material.21–30

For an intrinsic or slightly doped semiconductor with d
rect band gap, there is one fundamental band-gap ene
namely, the separation in energy between the upper edg
the valence band and the lower edge of the conduction b
This energy can be determined experimentally from m
surements based on photoabsorption. However, when d
atoms are introduced, the fundamental band gap is reduc
the same time as the position of the Fermi level above
top of the valence band increases, and for sufficiently do
samples, the Fermi level will fall above the conduction ba
edge. Then, the band gap seen in measurements base
photoabsorption becomes greater than the conduction b
gap, which can be determined from emission measurem
PRB 600163-1829/99/60~4!/2463~5!/$15.00
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like photoluminescence~PL!, as is done here. Traditionally
the former gap is called the optical band gap, whereas
latter gap is called the reduced band gap. For the determ
tion of the former, photoluminescence excitation~PLE! mea-
surements were carried out here. The band structure nea
fundamental gap of a heavily dopedn-type semiconductor,
showing the reduced gap, the optical gap, and the Fe
level, is described in a very illustrative way in the fundame
tal work of Wagner on heavily doped silicon in Ref. 26.

We have investigated the BGS of the AlxGa12xAs alloys
as a function of both donor impurity concentrationN and
alloy compositionx at low temperature, using the cryst
parameters listed in Table I. Si is the dopant in the allo
The applied calculation method is based on the rand
phase approximation~RPA!, with a local field correction of
Hubbard. In a model expounded by Berggren a
Sernelius21,22,28 the energy shiftDEg of the band gap is
caused by the electron-electron and electron-ion interacti
Moreover, the Coulomb potential is screened by a freque
dependent lattice dielectric function, arising from electro
optical phonon interaction and scattering between vale
and conduction-band states.

II. EXPERIMENTAL DETAILS AND CONSIDERATIONS

A. Sample production

The investigated uniformly doped AlxGa12xAs samples
with different silicon dopant concentrations were grown
molecular beam epitaxy~MBE! at 620 °C on semi-insulating
@001#-oriented Cr-doped GaAs substrates with the followi
layer sequence: a 0.3-mm-thick undoped GaAs buffer, a 0.5
mm-thick undoped AlxGa12xAs buffer, the active 3.0-mm-
thick silicon-doped AlxGa12xAs layer, and 60-Å-thick
silicon-doped GaAs cap layer. The aluminum fraction, fix
2463 ©1999 The American Physical Society
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to 30% (x50.3) for all samples, was measured by the refl
tion high energy electron diffraction~RHEED! technique.

B. Photoluminescence and photoluminescence excitation
measurements

The measurements were carried out at the Copenhage
facility, which is described in detail in Refs. 5 and 31. In t
present work, an argon ion laser~488 nm! was used as the
light source for the measurements. The light emitted fr
the samples was dispersed in a 1 m optical spectromete
~McPherson model 2051!, equipped with a 600-lines-per-mm
grating blazed at 1000 nm, and it was detected with a coo
photomultiplier ~Hamamatsu model R 943-02! using a
personal-computer based single-photon counting techni
The overall relative quantum efficiency of the detecting d
vice was determined by using a coiled-coil filament lam
standard of spectral irradiance~Optronic Laboratories mode
L-97!, as described in Ref. 32. In the PLE measurement
stabilized 250 W filament lamp coupled to a 0.67 m scann
monochromator~McPherson model 207! was used for illu-
minating the samples. The grating of the monochroma
was blazed at 1000 nm and ruled with 600 lines-per-m
The output photon fluence was determined on a relative s
as a function of the wavelength with the quantum-efficien
calibrated 1-m spectrometer used for the detection. In
PLE spectra, the data points were always normalized to
same number of photons used for excitation.

The samples were mounted in a closed-cycle helium
frigeration system which could operate between 10 K a
room temperature. All experimental data presented here w
taken at 10 K.

TABLE I. Low temperature values of the energy gap, effect
masses, dielectric constants, lattice parameter, and phonon e
used in the calculation for AlxGa12xAs at theG point of the Bril-
louin zone. The labels hh and lh mean heavy- and light-hole,
spectively. Most of the values were extracted from Refs. 4, 19,
33.

Al xGa12xAs x50.3

Energy gap
Eg ~eV! 1.519411.36x10.22x2 1.947
Dielectric constants
P0 12.4022.79x 11.56
P` 10.6022.73x 9.78
Electron mass
md /m0 0.066510.0835x 0.0916
Hole masses
mhh/m0 0.5110.20x 0.570
mlh /m0 0.08210.078x 0.105
mh /m0

a 0.5310.23x 0.60
Lattice parameter
a ~Å! 5.653510.0087x 5.6561
Phonon energy
\WLO ~eV! 0.040

aMinority carrier density of states effective massmh5(mhh
3/2

1mlh
3/2)2/3.
-
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C. Experimental data taking, treatment and results

The energy of the reduced band gap was derived from
PL spectra in the following way. In the spectra, the featu
related to the Al0.3Ga0.7As layer could, for all samples, b
separated from the PL related to the GaAs. For the sam
of lowest Si concentration, the PL spectra were domina
by excitonic transitions, as described in Refs. 4 and 5,
which references to previous work can be found. Con
quently, for these samples, the reduced band-gap energ
Al0.3Ga0.7As was determined from the photon energy of t
Al xGa12xAs–related excitonic radiative recombination, co
rected for the exciton binding energy, which forx50.3 is 6
meV ~see Refs. 4, 5, and 19!. For the more heavily doped
samples, the PL spectra showed band-to-band radiative
combination, and the energy of the reduced band gap
determined from the low-energy limit of the PL feature r
lated to the AlxGa12xAs. This procedure is very similar to
that used by Wagner for heavily doped silicon, as descri
in Ref. 26. The experimental values for the reduced band
as determined from the PL spectra are given in Table II. T
overall uncertainty is estimated to be 20 meV or less.

PLE was carried out for detection wavelengths cor
sponding to all peaks with usable signal-to-noise ratios s
in PL. For transitions related to the AlxGa12xAs, the PLE
signal, corrected for background, was extrapolated to z
level, and the threshold for photoexcitation determined t
way was identified as the height of the optical band gap. T
is a procedure very similar to that used in Ref. 26, exc
that no attention was paid here to phonon-assisted ex
tions, since the band gaps studied here are of a direct na

PLE was also carried out at detection wavelengths
transitions from the GaAs. In such cases, a PLE signal
also observed for excitation energies below the fundame
threshold for excitation in AlxGa12xAs, caused by photoex
citation in GaAs. However, it came out that this PLE sign
was quite flat in the region of interest, so that the position
threshold for excitation in AlxGa12xAs could be derived sat
isfyingly well. For each sample, the threshold position o
tained at different detection wavelengths agreed within
certainty limits. The experimental values for the optic
band-gap energy, as deduced from our PLE measurem
are presented in Table II. The overall uncertainty is estima
to be 20 meV or less.

rgy

-
d

TABLE II. The first column gives the silicon concentration i
the different samples, the next column presents the experime
values for the reduced band gap energy, and the correspon
values for the optical band gap energy are shown in the last colu
The uncertainty related to each value given in the middle and
right columns are 20 meV or less.

Silicon
concentration
(1017 cm23)

Reduced
band-gap energy

~eV!

Optical
band-gap energy

~eV!

2.0 1.89 1.91
5.8 1.86 1.88
16 1.83 1.85
60 1.75 1.82
100 1.64 1.82
200 1.51 1.81
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All data given in Table II have been taken at 10 K. T
temperature variation of the band-gap energy
Al xGa12xAs has been studied, and the change in ene
when the temperature is increased from 0 to 10 K, is belo
meV, see Ref. 5. Therefore, within uncertainty limits, t
data in Table II can be taken as representative for a sam
temperature of 0 K.

III. BAND-GAP SHIFT CALCULATION

We have calculated both the reduced and optical b
gaps as described below.

The reduced band gap is written as

Eg.25Eg.02DEg , ~1!

whereEg.0 is the band-gap energy for undoped material a
DEg is the doping induced BGS. The corresponding opti
band gap is

Eg.15Eg.21DEI I 5F or BM. ~2!

In Eq. ~2!, DEF is the shift in Fermi energy due to populatio
of free carriers in the conduction band andDEBM is the
Burstein-Moss shift.34,35 They are written as

DEF5
\2KF

2

2md
, ~3!

DEF5
\2

2md
~3p2N!2/3. ~4!

In Eq. ~3! KF5(3p2N/v)1/3, wherev is the number of con-
duction band minima. In our casev51.

DEBM5
\2

2mdh
~3p2N!2/3, ~5!

DEBM5DEFS 11
md

mh
D , ~6!

where 1/mdh51/md11/mh , md is the density of states effec
tive mass of the majority carriers, andmh is the density of
states effective mass of the minority carriers. The shift of
band gap due to doping has contributions from both a shif
the conduction band,DEc , and of the valence bandDEv ,
and it is written as

DEg52DEc1DEv . ~7!

Normally, DEc is a negative quantity andDEv is a positive
quantity, implying that both contributions reduce the ba
gap as follows:

DEc5Re@\Sc
ee~o!1\Sc

ei~o!#, ~8!

DEv5Re@\Sv
ee~o!1\Sv

ei~o!#, ~9!

where \(c,v
ee (o) and \(c,v

ei (o) are self-energies due t
electron-electron~ee! and electron-impurity~ei! interaction
at the conduction band~c! minimum and valence band~v!
maximum, respectively.21 They are written as
r
y,
1

le

d

d
l
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d

\Sc
ee~o!52E d3q

~2p!3 E
2`

1` dw

2p i

Vq

K~w! H Gc
o~ q̄,w!

P̃~ q̄,w!

1
1

2 S 1

w1Ec~ q̄!/\2 id
2

1

w2Ec~ q̄!/\1 id D J ,

~10!

\Sv
ee~o!52E d3q

~2p!3 E
2`

1` dw

2p i

Vq

K~w! S 1

P̃~ q̄,w!
21D .

~11!

$Lhh,hhGv,hh
o ~ q̄,w!1Lhh,lhGv, lh

o ~ q̄,w!%,

\Sc
ei~o!5

N

\ E d3q

~2p!3 S Vq

K~o!

1

P̃~ q̄,o! D
2

Gc
o~ q̄,o!,

~12!

\Sv
ei~o!5

N

\ E d3q

~2p!3 S Vq

K~0!

1

P̃~q,o! D
2

•$Lhh,hhGv,hh
o ~ q̄,o!

1Lhh,lhGv, lh
o ~ q̄,o!%, ~13!

whereEc(q̄) is the energy dispersion of the conduction ban
Gc

o , Gv,hh
o , andGv, lh

o are the unperturbed Green functions f
conduction band, valence heavy-hole band, and vale
light-hole band, respectively.21 Lhh,hh and Lhh,lh are the
Bloch overlap integrals between heavy-hole and heavy-h
bands and between heavy-hole and light-hole ba
respectively.21 Vq /K(w)54pe2/@q2K(w)# is the screened
Coulomb potential. It comprises the virtual transitions acro
the band gap and all electron-optical phonon scatterin
K(w) is the frequency dependent lattice dielectric functio

1

K~w!
5

1

P`
1

~P02P`!WLO

2P0P`

3H 1

w2WLO1 id
2

1

w1WLO2 idJ , ~14!

where\WLO is the optical phonon energy of the longitudin
mode.P̃(q,w) is the dielectric function for the electron ga
in the conduction-band minimum. It is written as

P̃~ q̄,w!512S 12
1

2

q2

q21KF
2 D Vq

K~w!

2

\ E d3p

~2p!3

3E
2`

1` du

2p i
Gc

o~ p̄,u!Gc
o~ p̄1q̄,u1w!. ~15!

The experimental and theoretical results for the optical a
reduced band-gap energies as well as for the total BGS
the valence and conduction-band contributions are show
Figs. 1 and 2, respectively. As seen from these figures, th
is satisfyingly good agreement between theory and exp
ment.

IV. CONCLUSION

In summary, we have investigated the reduced and opt
band gaps of Al0.3Ga0.7As alloys with PL and PLE as well a
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with a method based on the random phase approxima
~RPA! with a local field correction of Hubbard. Experiment
and theoretical results fall closely together in a wide range
impurity concentration. The contribution of the valence ba
has a major effect on the total BGS compared to the cond
tion band. It is worth mentioning that both the conducti
and valence bands are considered to be parabolic, and i

FIG. 1. Calculated and experimental band-gap energies
Al0.3Ga0.7As:Si as a function of impurity concentration. Dashe
dotted-dashed, and solid lines represent the calculated optica
reduced band-gap energies, respectively. Open triangles~optical
gap! and filled triangles~reduced band gap! are the experimenta
data from the PL and PLE measurements. Dotted line represent
band-gap energyEg.0 for undoped Al0.3Ga0.7As.
a
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analyses of experimental data the lifetime effects, Ref.
are not included.
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