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Band discontinuities in InxGa12xAs-InP and InP-Al yIn12yAs heterostructures:
Evidence of noncommutativity
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We report on conduction-band offset measurements in InP-In0.53Ga0.47As and InP-Al0.48In0.52As heterostruc-
tures using internal photoemission, temperature-dependent current-voltage experiments, and photolumines-
cence excitation spectroscopy. The direct and inverse interfaces have been investigated separately. We find
noncommutativity of 88610 meV for InP-In0.53Ga0.47As and 53610 meV for InP-Al0.48In0.52As. We also find
a significant nontransitivity for the average offsets in the InP-AlyIn12yAs-InxGa12xAs family. These experi-
mental results are in close agreement with recent theoretical predictions.@S0163-1829~97!01503-8#
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The band offsets~BO! at semiconductor heterojunction
have an important impact on optical and electronic proper
of heterostructures and are therefore a crucial paramete
the design of heterojunction devices. During the last deca
much effort has been spent in measuring and understan
band discontinuities.1,2 Nevertheless, there is still a lot o
recent interest in this field. The debate about decid
whether BO’s are determined by bulk properties of the c
stituent materials or by interface-specific dipoles and str
effects is not closed. The former hypothesis3–5 obviously im-
plies band-offset transitivity and commutativity, whereas
cording to the latter one, both are not necessarily verifi
The question of transitivity and commutativity has recen
been studied in particular in the InP-AlyIn12yAs-InxGa12xAs
family of heterostructures, which is important for vario
applications like high-performance optoelectronic device6,7

for optical-fiber telecommunications. The results for the
systems are controversial on both the experimental and t
retical sides. Transitivity is obtained~i! experimentally by
Waldropet al.8 with x-ray photoemission spectroscopy a
Böhreret al.9 with a combination of calorimetric-absorptio
spectroscopy and band-structure calculations,~ii ! theoreti-
cally by Hybertsen10 with first-principles calculations. In
contrast, Lugagne-Delpon, Andre´, and Voisin11 found ex-
perimentally clear nontransitivity with photoluminescen
~PL!, photoluminescence excitation~PLE!, and photocurrent
~PC! measurements. While commutativity is found for t
InP-InxGa12xAs system by Dandrea and Duke12 with first-
principles calculations, noncommutativity was found~i! in
the same system by Foulon and Priester13 with self-
consistent tight-binding treatment and experimentally
Landesmanet al.14 with ultraviolet photoemission spectros
copy, ~ii ! in InP-AlyIn12yAs by Lugagne-Delpon, Andre´,
and Voisin11 with PL, PLE, and PC. While transitivity ha
only a fundamental relevance, noncommutativity~asymme-
try! also has important consequences for the optical pro
ties of multiple quantum wells~QW’s! or superlattices: in
order to avoid the build-up of a macroscopic potential
summing the band-offset differences of each QW, the sys
has to create a built-in electric field by accumulating elec
550163-1829/97/55~4!/2274~6!/$10.00
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charges near the terminating planes.15 This results in Stark
shifts of the energy levels and occurrence of parity-forbidd
transitions through symmetry breaking. Therefore, it is
interest to know, in particular for the InP-InxGa12xAs sys-
tem, whether the offsets are asymmetric or not, and by h
much. Conversely, for InxGa12xAs-AlyIn12yAs, BO asym-
metry can most likely be ruled out since the two materi
share the same anion.13 A further issue to be discussed is th
possible dependence of the results on the growth proc
Indeed, exchange mechanisms leading to segregation
been evidenced in several cases, like In segregation
InxGa12xAs-strained layers grown on GaAs.16 Such pro-
cesses are thermoactivated and depend on the growth k
ics. Hence, the atomic structure of the interface and poss
the band offset itself may depend on the growth conditio
This is likely the case in no-common atom system
like ~InGa!As-InP or ~AlIn !As-InP. Clearly, the question
of band-offset transitivity and commutativity in th
InxGa12xAs-AlyIn12yAs-InP family of heterostructures i
still unclear and has technological importance in addition
its fundamental interest.

On the experimental side, the obvious lesson to be dra
from the past is that several qualitatively different measu
ments performed on well-characterized materials
necessary to get sufficient confidence. In this paper
report on BO determination in InP-In0.53Ga0.47As and
InP-Al0.48In0.52As for both the direct~arsenide grown on
phosphide! and inverse~phosphide grown on arsenide! het-
erojunctions separately. We used temperature-depen
current-voltage measurements (JVT) and in addition internal
photoemission for InP-In0.53Ga0.47As. While the determina-
tion of the absolute BO’s is accompanied with the us
uncertainties, differences between similar structures are v
precise, because systematic modelization inaccuracies c
pensate mutually. In addition, we discuss PLE measurem
in wide InxGa12xAs-InP QW’s, which bring a convincing
qualitative proof of the strong asymmetry of the potent
well.

The experiments are performed on four samples grown
elemental-source molecular-beam epitaxy~MBE!. The
2274 © 1997 The American Physical Society
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55 2275BAND DISCONTINUITIES IN InxGa12xAs-InP AND . . .
group-V solid sources were loaded into valved crack
cells. The samples were grown at 500 °C on~001!-oriented
n1-type InP substrates. The corresponding growth seque
are shown on the left part of Fig. 1. Each sample form
n2-n2 heterojunction between heavilyn-doped substrate
and contact layers. Sample 1 is the direct InP-In0.53Ga0.47As
interface~In0.53Ga0.47As grown on InP!: it consists of a 2500-
Å InP buffer layer followed by a 2500-Å In0.53Ga0.47As
layer. Both layers have a lightn-type dopingnD5131016

cm23. To facilitate Ohmic contacts, a 500-Å In0.53Ga0.47As
gradual doping layer~wherenD increases from 1016 cm23 to
231019 cm23! and a further 1000-Å In0.53Ga0.47As layer
~nD5231019 cm23! are added. Sample 2 represents the
verse interface~InP grown on In0.53Ga0.47As!. To avoid the
perturbation of the electrical measurements by the inevita
direct interface following the buffer layer, the correspondi
layers have been heavilyn-doped~nD5231019 cm23!. The
same has been done with the other direct interface betw
the InP contact layer and the In0.53Ga0.47As cap layer.
Samples 3 and 4 form the direct and inverse interface
InP-Al0.48In0.52As, respectively. They have been tailore
likewise. Deep-etched 40-mm diodes with evaporated gol
contacts have been processed for electrical measurem
Material composition and quality were assessed by PL
PLE. Good sample quality is evidenced by the narr
linewidths and small Stokes shifts, and nominal composit
of the alloys is verified.

We first examine theJVT measurements. We have fo
lowed the approach proposed by Hickmott17 and studied the
activation energy governing current transport in the direct
perpendicular to the heterojunction interface. TheJV char-
acteristic is described by the thermionic-emission theo

FIG. 1. The left column shows the sample structures. The lo
doping concentrationn2 is '1016 cm23, and the heavy dopingn1

is '231019 cm23. The right column shows schematically the ba
structure of the InxGa12xAs-InP and InP-AlyIn12yAs interfaces.
DEc is the conduction-band offset,DEs is the Schottky lowering,
ED is the donor binding energy,EF is the Fermi energy,Eg is the
InxGa12xAs band gap,E0 is the energy of the ground state of th
band-bending potential well,eF is the activation energy, andET is
the difference between the top of the effective potential barrier
the top of the InxGa12xAs valence band.
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which relates the flux of carriers incident upon an interfac
barrier, with sufficient energy to overcome it, to the tempe
tureT and the height of the barrieref. The current densityJ
is given by the approximate expression18

J5A*T2 exp~2ef/kT!$exp~eV/kT!21%, ~1!

whereV is the forward bias,A* is the effective Richardson
constant,e is the electron charge,T is the temperature, andk
is the Boltzmann constant. A major advantage of these e
trical measurements over those inherited from surface ph
ics ~like photoemission-based methods! is their insensitivity
to the detail of the potential barrier shape, as soon as
interface sharpness is smaller than the electron mean
path. As illustrated in Fig. 1~b!, the potential barrieref is
approximately equal toDEc2DEs2EF2E0 , whereDEc is
the conduction BO~CBO!, E0 is the ground level of the
band-bending quantum well at the interface,EF is the Fermi
energy~measured fromE0!, andDEs is the Schottky lower-
ing, associated with image forces. Rearranging Eq.~1! yields

ln$J/T2%2 ln$exp~eV/kT!21%52ef/kT1 ln A* . ~2!

Thus, measuring the slope of ln$J/T2%2ln $exp(eV/kT)
21% versus 1/T and interpolating to 0 V yields ef. The
interpolation is also useful for eliminating bias-connected
viations from this simplified description, like bias-induce
change of the band bending, etc. Note also thatDEc and the
carrier density are assumed to be temperature independ

The experiments have been performed with a variab
temperature cryostat from Oxford Instruments and a h
sensitive Keithley amperemeter. TheJV curves of sample 2
under forward bias, at various temperatures, are displaye
Fig. 2~a! and prove the thermoactivated character of the c

-

d

FIG. 2. Temperature-dependentU-I curves of sample 2 for for-
ward bias, at various temperatures between 167 and 333 K,
Arrhenius plots derived from these data.
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2276 55W. SEIDEL et al.
duction mechanism. The exponential dependence of the
rent on the bias implied by Eq.~1! is clearly observed ove
the experimental range. Incidentally, this result is also
good agreement with numerical simulations of theJV char-
acteristics using a diffusion-drift model. The Arrhenius plo
@Eq. ~2!# derived from these data are shown in Fig. 2~b!.
Perfect straight line fits ~Pearson’s confidence rati
R>0.9999! are obtained for the whole range of voltages a
temperatures. The curves obtained with the other sam
show qualitatively the same behavior. From the slopes of
Arrhenius plots, we obtain the activation energiesef dis-
played in Fig. 3. As already reported in previous studies19,20

a weak voltage dependence over the investigated rang
observed. A possible explanation could lie in the bias dep
dence of the barrier form. Interpolation to 0 V yields activa-
tion energies of 133 and 209 meV for samples 1 and 2,

FIG. 3. Activation energies against bias obtained in the f
samples under investigation.
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317 and 267 meV for samples 3 and 4, respectively. In or
to obtain reliable values ofE0 and EF , we calculated the
charge transfer self-consistently for each sample at the in
face as a function ofDEc .

21 We assumed the formation of
quasitriangular quantum well in the accumulation layer n
the interface and occupation of only the ground levelE0 .
From the field strength at the interfaceF(z50) follows the
Schottky loweringDEs :

18

DEs5$e3F~z50!/4pe0e r%
1/2. ~3!

The values forE0 , EF , DEs , the 2DEG-densityns , the
depletion lengthLD , and the resulting CBO’sDEc are listed
in Table I. We find for the InP-In0.53Ga0.47As system 186 and
272 meV for the direct and inverse interface, respective
hence a difference of 86 meV. In the InP-Al0.48In0.52As sys-
tem the asymmetry amounts to 53 meV in the inverse se
with absolute values of 375 and 322 meV for the direct a
inverse interface, respectively. As usual, due to several
tential error sources the values for the absolute CBO’s
not very precise. Temperature dependence of the Fermi l
and barrier lowering through Norheim-Fowler tunnelin
have been neglected. The nominal doping concentrat
have not been verified experimentally. Also, one should
member that Eq.~1! is only a crude semiclassical approx
mation of the underlying physics. We estimate relative
large error bars of'40 meV. However, most of the error
inherent to modelization inaccuracies depend weakly on
sample parameters. Thus, they are unimportant as far as
set differences are concerned. The main error source rem
the uncertainty on the low-doping concentration, whi
could vary slightly from sample to sample. For a doubli
from 131016 to 231016 cm23, we calculate a change ofDEc
by '10 meV only, which will serve as the error bar for th
offset differences.

We also performed additional CBO measurements in
InP-In0.53Ga0.47As samples using the internal photoemissi
technique.22,23 Electrons from the In0.53Ga0.47As valence
band are optically excited in conduction-band states. W
they have enough energy they can overcome the pote
barrier into the InP layer. Their accumulation gives rise to
photovoltageUph. Thus, measuring the photovoltaic re

r

ted
to-

es
TABLE I. Values forE0 , EF , DEs , LD , ns , andDEc obtained from the experimental data associa
with self-consistent charge transfer calculations~Ref. 19!. The values in parentheses are for internal pho
emission. The CBO ratioQc is DEc/DEg , whereDEg is the corresponding band-gap difference.Qc does not
make any sense for type-II systems like InP-AlyIn12yAs. Note that the conduction-band effective mass
differ by a factor 2 between InP and In0.53Ga0.47As.

Sample 1
InxGa12xAs on InP

Sample 2
InP on InxGa12xAs

Sample 3
Al yIn12yAs on InP

Sample 4
InP on AlyIn12yAs

QW In0.53Ga0.47As In0.53Ga0.47As InP InP
E0 ~meV! 32.8 ~31.6! 38.4 ~37.8! 35.5 33.6
EF ~meV! 7.2 ~6.8! 9.2 ~8.9! 5.9 5.5
DEs ~meV! 13.6 ~13.2! 15.3 ~15.0! 16.9 16.2
ns ~1011 cm22! 1.4 ~1.3! 1.8 ~1.7! 2.2 2.0
LD ~Å! 1420 ~1340! 1790 ~1740! 2220 2025
DEc ~meV! 186 ~170! 272 ~260! 375 322
Qc ~%! 30.6 ~27.9! 44.6 ~42.6!



w

e

to
ot

l
b

to
d
vio
on

om
h
a

th
an

e
,
ee
a
ci

ove.
the

-
rgy
d

ical
rs.

m-

as

of
r-
tion
s.
m-
25
let

ble.
x-
um-
the

ize
D-
orter
m-

,
rowth

the
ms
l re-
f.
ter-
ip-
of
rties
BO

of

s
to a

e
d

ue

f
by

-
fo

55 2277BAND DISCONTINUITIES IN InxGa12xAs-InP AND . . .
sponse as a function of the excitation energy must sho
threshold giving a measure forDEc . From Fig. 1~b! we find

DEc5ET2Eg1E01EF1ED1DEs , ~4!

whereET is the threshold energy,ED is the donor binding
energy, andEg is the In0.53Ga0.47As band-gap energy. Th
experiments have been performed atT52 K with light from
a simple halogen lamp filtered by a grating monochroma
and appropriate filters as the excitation source. The ph
voltage spectra are shown in Fig. 4~a!. For sample 1 we
observe an onset at'970 meV. The low-background signa
below 970 meV can be attributed to intraband absorption
native electrons in the InxGa12xAs conduction band. The
step at 1410 meV originates from electron-hole pairs pho
generated in the InP space-charge region and separate
the built-in electric field. Sample 2 shows the same beha
with an onset at 1050 meV. The stronger InP signal is c
sistent with the 25% longer InP depletion length~see Table
I!.

In order to accurately extract the threshold energies fr
these data, we first subtracted the background signal. T
we followed the conventional approach of intern
photoemission,24 plotting the cubic root of the responseUph
versus photon energy. Extrapolation to zero yields
threshold energies of 925 and 1005 meV for samples 1
2, respectively, as shown in Fig. 4~b!. UsingEg5810 meV
andED52.9 meV,25 we calculate for the direct and invers
interfacesDEc5170 meV andDEc5260 meV, respectively
thus a difference of 90 meV, which is in nearly perfect agr
ment with theJVT result. These values are indicated in p
rentheses in Table I. The error sources, linked to inaccura

FIG. 4. ~a! Photovoltage as a function of the photon energy.~b!
Cubic root of the photovoltageUph versus photon energy. The ex
trapolation to zero signal yields threshold energies of 925 meV
sample 1 and 1005 meV for sample 2.
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of the modelization, remain essentially the same as ab
Therefore, we again estimate error bars of 40 meV on
absolute values and much less~around 10 meV! on their
differences. The InP-AlyIn12yAs samples could not be stud
ied with internal photoemission because the threshold ene
ET for a type-II interface is larger than the involved ban
gaps.

Comparing the present results with available theoret
predictions yields general consistency within the error ba
Our value for the InP-In0.53Ga0.47As asymmetry of some 88
meV is in fair agreement with the 60 meV~in the same
sense! calculated by Foulon and Priester.13 The 180-meV
asymmetry reported by Landesmanet al.14 is considerably
larger but in qualitative accordance. The 53-meV nonco
mutativity found in InP-Al0.48In0.52As agrees again with the
theoretical prediction of Ref. 13 and is in the same sense
the result of Lugagne-Delpon, Andre´, and Voisin,11 but 50
meV smaller. This quantitative discrepancy is clearly out
the reported error bars. It might reflect a significant diffe
ence between their metal-organic chemical-vapor deposi
~MOCVD! grown interfaces and our MBE-grown sample
We are inclined to involve the different procedures for co
muting the group-V species at the interface. In our case, a
s growth interruption is needed to actuate the valves and
the partial pressure of the previous species be negligi
During this growth interruption, phosporus-arsenic e
changes are likely to occur at the sample surface. The n
ber of exchange events is given by a balance between
evaporation rates~which are not negligible for the group-V
atoms at the growth temperature! and the impinging fluxes.
These effects, when only partial, would tend to symmetr
the direct and inverse interfaces. In the case of the MOCV
grown samples, the commutation sequence was much sh
~2 s!. This could explain the more pronounced offset asy
metry observed by Lugagne-Delpon, Andre´, and Voisin11 in
MOCVD-grown InP-AlyIn12yAs heterojunctions. Clearly
these exchange mechanisms and their dependence on g
parameters give plausible reasons for a' 50 meV depen-
dence of the measured offsets and offset asymmetry on
growth conditions, especially for no-common atom syste
such as those under investigation. That our experimenta
sults compare fairly well with the theoretical results of Re
13 may be considered as an indication that the actual in
face stoichiometry is not too different from the ideal descr
tion. As for the absolute values, they fall within the range
accepted values for both systems. In particular, the prope
of narrow quantum wells are sensitive to the average
value, and the present result for InP-In0.53Ga0.47As ~230
meV! agrees quite reasonably with the detailed study
‘‘double step QW’s’’ reported by Soucailet al. ~250 meV!.26

At this point, it is noteworthy that most of the simplification
used in the description of the present experiments lead
slight underestimate of the actual band offsets.

Checking transitivity in the InP-AlyIn12yAs-InxGa12xAs
family, we find CBO sums of some 500 meV for th
Al0.48In0.52As-InP-In0.53Ga0.47As growth sequence an
some 640 meV for the inverse one. The average sum~570
meV! is significantly larger than the accepted val
of 500 meV ~Refs. 9 and 27! for the CBO in the
In0.53Ga0.47As-Al0.48In0.52As system. This nontransitivity o
the average band offsets has already been argued

r
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2278 55W. SEIDEL et al.
Lugagne-Delpon, Andre´, and Voisin. Conversely, following
Foulon and Priester, transitivity should apply if the prop
growth sequence is considered. For instance, the sum o
rect InP-InxGa12xAs and InP-AlyIn12yAs BO’s should equal
the Ga12xInxAs-AlyIn12yAs BO, and the same result woul
hold for the sum of the inverse BO’s. Our experimental fin
ings are clearly in excellent agreement with this rather p
ticular transitivity rule, which cannot be checked by a dire
experiment. Discussion of transitivity properties hence
quires some semantic care.

We finally discuss a further qualitative evidence of no
commutativity in the InxGa12xAs-InP system. We conside
sample 5 consisting of a MOCVD-grown, 28-perio
In0.52Ga0.48As ~146 Å!-InP~100 Å! superlattice grown on a
n1-type InP ~001! substrate. There the direct and inver
interfaces are of course grown in the same ‘‘run’’ excludi
possible interface differences through varying growth con
tions. The residual doping is quite low~,1015 cm23! in this
series of samples. Sample structural parameters have
assessed by x-ray double diffraction, giving precise meas
ment of the layer thicknesses and composition. The P
spectrum is shown in Fig. 5 and compared with calcula
band-to-band absorption spectra for an asymmetr
In0.52Ga0.48As-InP quantum well~solid line, 86 meV CBO
difference and 250 meV CBO average value! and its sym-
metrical counterpart~dashed line!. The theoretical spectra
have been obtained by solving numerically the Schro¨dinger
equation for the envelope functions with a transfer-mat
method, in the potential profiles shown in the inset. Excito
effects have been neglected. They are expected to introd
corrections in the 3–6 meV range. The much better qual
tive agreement of the PLE spectrum with the solid curve
apparent through~i! the ratio of oscillator strengths betwee
the first and second transitions,~‘ ‘ A’ ’ 5H1-E1 and ‘‘B’ ’
5L1-E11H2-E1!, ~ii ! the number of absorption steps
which is much larger in the asymmetrical case, and~iii ! the
band-gap energy itself, which is significantly lowered
‘‘built-in Stark shift’’ and cannot be fitted with the measure
layer thickness and composition if a square potential wel
assumed. In addition, the quantitative agreement between
PLE spectrum and the solid line, eventually corrected
excitonic effects, is quite satisfactory.
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In conclusion, we have measured the CBO’s of both
direct and inverse interfaces in the InP-In0.53Ga0.47As and
InP-Al0.48In0.52As systems. We obtain a 88610 meV non-
commutativity for InP-In0.53Ga0.47As, using both theJVT
and internal photoemission techniques, and 53610 meV for
InP-Al0.48In0.52As using theJVT technique. We confirm the
significant nontransitivity of the average offsets in t
InP-AlyIn12yAs-InxGa12xAs family of heterostructures
Moreover, our results are in excellent quantitative agreem
with the theoretical predictions of Foulon and Priester.
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FIG. 5. PLE spectra of sample 5 in comparison with calculat
absorption spectra~i! for an asymmetrical In0.52Ga0.48As-InP quan-
tum well ~solid line, calculation with an 86-meV CBO differenc
and a 250-meV CBO average value! and~ii ! the symmetrical coun-
terpart ~dashed line, calculated using a 250-meV CBO aver
value!. The inset shows the corresponding potential profiles.
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