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Down
Band alignment between GaAs and partially ordered GaInP
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An empirical pseudopotential method is used for calculating the band structure of partially CuPt
ordered GaxIn12xP alloy with order parameterh varying from 0 to 1. Because the relative band
alignments between the binaries~GaAs, GaP, and InP! are taken into account in the pseudopotential
fitting, such a calculation naturally yields the conduction and valence band alignment between the
GaInP alloy and GaAs, as well as shows how the alignments change with the order parameter. The
band alignment is found to change from type I to type II ath50.46~0.54! for x50.50~0.52!, which
is in good agreement with experimental data. ©2002 American Institute of Physics.
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Because of various device applications, the band ali
ment for the heterostructure comprised of GaAs a
GaxIn12xP (x;0.5) has attracted a great deal of attentio
Obtained by a number of different approaches,1–23 the values
for the conduction band offset DEc5Ec(GaInP)
2Ec(GaAs) range from 30 to 390 meV. It has recently be
noticed that the existence of spontaneous ordering in
GaInP layer could significantly alter the band offset.14,24–27It
thus appears that besides the possible intrinsic limitation
each technique,1–23 the ordering effect itself might have con
tributed to the large scatter in the reported values, at lea
some extent.

Foulon et al.28 using a tight-binding method, found th
valence band offset for the GaInP/GaAs heterostructure t
DEv5320– 390 meV, depending on the microscopic str
ture of the interface. Froyenet al.29 using a first-principle
pseudopotential method, found that the band offsets betw
the random Ga0.5In0.5P and GaAs areDEc5120 meV and
DEv5370 meV. Their calculations further revealed that t
band alignment between GaAs and a perfectly CuPt orde
GaInP, i.e., a@111# GaP/InP monolayer superlattice, wou
become type II with DEc52130 meV and DEv
5270 meV. However, ordering has long been known
never be perfect, which means that the ordered structur
fact should be described as a Gax1h/2In12x2h/2P/
Gax2h/2In12x1h/2P @111# superlattice with the so-called orde
parameterh,1. Thus, it is important to know the critica
valueh0 at which the type I to type II transition occurs. A
x-ray study of ordered GaInP has indicated that the curre
achieved degree of order for this material is in the range
h,0.6.30 If applying a widely usedh2 rule31 to the band
edge energies of Ref. 29, one will findh050.70.29 This
value appears to be contradictory to the recent experime
results which have shown thatDEc is practically zero for
ordered GaInP samples withh;0.5, if one compares the
band gaps of the ordered samples given in Refs. 25–27
the result of the x-ray study of Ref. 30. Therefore, a dir
calculation of the band structure of a partially ordered Ga
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alloy is needed for accurately determining not just the ba
alignment between the random GaInP and GaAs but also
type I to type II crossover point when GaInP becomes
dered.

The technique we use is an empirical pseudopoten
method which was developed in Zunger’s group,32 and has
recently been shown to be able to yield band gaps of parti
ordered GaInP alloys in very good agreement with exp
mental results.33 In the current empirical pseudopotenti
treatment, the band offset obtained from a large super
containing one GaInP/GaAs interface would be the same
the band offset obtained by comparing the absolute b
edges of the standalone GaInP and GaAs. Thus, we will
culate the band offsets by investigating the band edge e
gies of bulk GaInP and bulk GaAs separately. One mi
concern that this approach has ignored the possible inte
cial dipole effects, so the band offset would be inaccura
However, as indicated in Ref. 34 in general, in Ref. 11
GaInP/GaAs, and in Ref. 35 for a similar system~InGaAs/
InP!, the band offset is a bulk property and insensitive to
detail interfacial dipoles as long as the interfacial atomic p
sitions are fully relaxed. This consideration, in principle, ju
tifies our approach to get the band offset from the individ
standalone bulks. Furthermore, it is important to be poin
out that in the pseudopotential fitting procedure, the relat
band offsets between the three materials GaAs, GaP, and
have been taken into account according to the results of
first-principles full-potential linearized augmented pla
wave~FLAPW!-local density approximation~LDA ! calcula-
tion of Ref. 34. Here our emphasis is to investigate the
fects of ordering on the bulk band structure, and in turn
obtain the band offsets between GaInP and GaAs. The a
racy of our method for determining the band offset main
relies on the accuracy of binary band offsets. The pheno
enon of partial ordering is simulated by using a large sup
cell with nearly 3500 atoms, according to the values ofx and
y. Two x values have been considered:x50.5 which has
been assumed in all the previous theoretical calculations
x50.52 at which the GaxIn12xP epilayer is lattice matched
to the GaAs substrate at low temperature (T;0 K). The
© 2002 American Institute of Physics
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Down
band edge energy is obtained for each value ofh by averag-
ing over 100 or 20 configurations forx50.5 andx50.52,
respectively. A valence force field method is used for det
mining the relaxed atomic configurations. Details about t
implementation have been described in Ref. 33.

Figure 1 shows the variation of the band edge energ
for the conduction and valence band of the CuPt order
GaInP alloy as a function of the order parameterh. For x
50.50 ~0.52!, DEc varies from181 ~104! meV ath50 to
2110 ~86! meV ath51 ~0.96!; DE varies from1383 ~385!
meV at h50 to 1353 ~356! meV at h51 ~0.96!. These
results indicate that upon ordering, the change in the ba
gap is accommodated mostly by the downward shift of t
conduction band edge, as shown in Fig. 1. Thus, the de
mination ofDEc is expected to encounter a large uncertain
if the structural parameters~e.g., the degree of ordering an
composition! of the sample are not accurately known. Sinc
the conduction band edge is much more sensitive to the co
position variation, the type I to type II crossover point for th
conduction band offset changes fromh050.46 for x50.50
to h050.54 for x50.52. Note that the variation inh0 be-
tweenx50.50 andx50.52 is not due to the numerical un
certainty ~which is ;1–2 meV!, but the difference in the
conduction band energies due to the composition differen
which is evidenced by the systematic difference~;25–20
meV!, nearly independent ofh, in the conduction band en-
ergies. In fact, this variation ofh0 with the conduction band
energy can give a guideline for the uncertainty of so det
minedh0 . Note that the value ofh050.54 corresponds to a
band gap ofEg51.893 eV, which agrees quite well with
most experimental data of Refs. 25–27 whereDEc;0 is
found for partially ordered samples withEg;1.9 eV. We
would like to point out thath050.46 is significantly smaller
than the previously predicted value ofh050.70,29 since the
use of theh2 rule has now been found to be unjustified.33

Figure 2 shows a comparison forDEc vs Eg between our
calculated results and the experimental data of Refs. 25–
Note that because the ordering induced shift for the valen
band is quite small, in theDEc vs Eg plot of Fig. 2, the

FIG. 1. Band edge energies of partially CuPt ordered GaxIn12xP alloys,
varying with order parameterh. Ecbm—conduction band minimum,
Evbm—valence band maximum.
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uncertainty due to not knowing the exact composition for the
experimental data is expected to be negligible. A large dis
agreement is shown for one data point withEg;1.82 eV,
which is likely because that particular sample had an inserte
GaP layer between the GaAs and GaInP layer, the band o
set had been altered, as been discussed in Refs. 27 and
For the other data points, the discrepancy is within the the
oretical and experimental uncertainty. Also, we notice tha
the result of Ref. 20~i.e., DEc530 meV for an ordered
GaInP sample with 60 meV band gap reduction! appears to
agree quite well with the expected value, according to Fig. 2
However, we would like to point out that the finding of Ref.
6, DEc5200 meV not changing with ordering, is contradic-
tory with either the experimental data of Refs. 24–27 or the
theoretical results of Ref. 29 and this work.

It appears that for the random GaInP/GaAs heterojunc
tion the conduction band offsets derived from various
‘‘electrical measurements’’ ~e.g., capacitance–voltage,
current–voltage!,1–12show a larger scatter~ranging from 390
to 91 meV! as compared to those obtained from other tech
niques~ranging from 159 to 80 meV!,13,14,16–18and from the
previous calculation of 120 meV29 and current calculation of
104 meV (x50.52) or 81 meV (x50.50). The results of the
other few studies15,19,21–23that have yielded the valence band
offset instead, ranging from 400 to 320 meV, are in genera
consistent with those of the above mentioned ‘‘nonelectrical
measurements and of the theoretical calculations. Note th
for DEc the results of the more recent ‘‘electrical’’ measure-
ments~Refs. 6,10–12!, except for Ref. 6, have approached
those ofnonelectricalmeasurements~Refs. 14–19! and the
theoretical results. Figure 3 shows the comparison betwee
our calculated results and the experimental data. For the ra
dom structure withx50.5, in fact, our results agree very
well with that of Ref. 29: 383 vs 370 meV forDEv , 81 vs 90
meV for DEc ~noticing that Ref. 29 usedEg52.01 eV in-
stead of the more accurate value of 1.98 eV33 for the random
alloy!. However, there is a discrepancy for theDEv between
this work and that of Ref. 29 for the fully ordered case: 353

FIG. 2. Conduction band offset between partially CuPt ordered GaInP allo
and GaAs vs the band gap of the GaInP alloy. Experimental data are tak
from Ref. 27.
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Down
meV of the present work versus 270 meV of Ref. 29~the
difference inDEc is small:2110 meV for this work,2130
meV for Ref. 29!. There could be several reasons for th
discrepancy:~1! The differences of the two LDA calcula
tions. Our band offsets are fitted to the FLAPW results
Ref. 34, while the Ref. 29 is a plane wave~PW! pseudopo-
tential calculation.~2! The discrepancy in the value of th
crystal field splitting parameter for ordered GaInP~135 meV
for this calculation and 200 meV for Ref. 29!. Due to this
difference alone, theDEv of Ref. 29 should be 30 meV
smaller than our result, without affecting the conducti
band.~3! The remaining difference could be due to nume
cal uncertainties in both Refs. 34 and 29. Despite all th
uncertainties about theDEv, we believe that they will not
affect our conclusion aboutDEc, since the differences fo
DEc at h50 or 1 between our results and those of Ref.
are rather small. The current study illustrates the importa
of a correcth dependence forDEc as well as an accuratex
value for determining the crossover pointh0 .

In summary, our empirical pseudopotential calculati
yields for the random GaxIn12xP (x50.50– 0.52)/GaAs het
erostructure the conduction band offsetDEc581– 104 meV
and the valence band offsetDEv5383– 385 meV, which is
in general agreement with experimental results,10–19,21–23and
with that of previous calculations.28,29 For the ordered
GaxIn12xP (x50.50– 0.52)/GaAs heterostructure, our calc
lation shows that the band alignment changes from type
type II at order parameterh50.46– 0.54, and most of th
band gap change is the result of ordering induced downw
shift of the conduction band, which explains the experim
tal observations of Refs. 20 and 25–27.

The authors thank Professor P. Yu, Dr. S. Froyen, and
S. H. Wei for valuable discussions. This work was suppor
by the U.S. DOE under Contract No. DE-AC36-99GO103
at NREL and DE-AC03-76SF00098 at LBNL. The comp
tational resources were provided by NERSC.

FIG. 3. Comparison between our calculated values and experimental
for the conduction and valence band offset. Tick labels indicate refere
numbers.
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