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Band discontinuities in In,Ga; _,As-InP and InP-AlyIn;_,As heterostructures:
Evidence of noncommutativity
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We report on conduction-band offset measurements in IgR/B®, 4/As and InP-A} 4dng 5,As 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 8810 meV for InP-I s4G& 47As and 53-10 meV for InP-A}, 4dNng 5,AS. We also find
a significant nontransitivity for the average offsets in the InRPHAL yAs-In,Ga _,As family. These experi-
mental results are in close agreement with recent theoretical predidi@®t63-18207)01503-9

The band offset$BO) at semiconductor heterojunctions charges near the terminating plariés his results in Stark
have an important impact on optical and electronic propertieshifts of the energy levels and occurrence of parity-forbidden
of heterostructures and are therefore a crucial parameter foransitions through symmetry breaking. Therefore, it is of
the design of heterojunction devices. During the last decadénterest to know, in particular for the InPy@Ga, _,As sys-
much effort has been spent in measuring and understandirtgm, whether the offsets are asymmetric or not, and by how
band discontinuities? Nevertheless, there is still a lot of much. Conversely, for IGa _,As-AlyIn;_ As, BO asym-
recent interest in this field. The debate about decidingnetry can most likely be ruled out since the two materials
whether BO’s are determined by bulk properties of the conshare the same anidRA further issue to be discussed is the
stituent materials or by interface-specific dipoles and straipossible dependence of the results on the growth process.
effects is not closed. The former hypothéstobviously im-  Indeed, exchange mechanisms leading to segregation have
plies band-offset transitivity and commutativity, whereas acbeen evidenced in several cases, like In segregation in
cording to the latter one, both are not necessarily verifiedin,Ga, _,As-strained layers grown on GaA$.Such pro-

The question of transitivity and commutativity has recentlycesses are thermoactivated and depend on the growth kinet-
been studied in particular in the InPyMd, _ As-In,Ga,_,As ics. Hence, the atomic structure of the interface and possibly
family of heterostructures, which is important for various the band offset itself may depend on the growth conditions.
applications like high-performance optoelectronic deVides This is likely the case in no-common atom systems
for optical-fiber telecommunications. The results for thesdike (INnGaAs-InP or (Alin)As-InP. Clearly, the question
systems are controversial on both the experimental and theof band-offset transitivity and commutativity in the
retical sides. Transitivity is obtained) experimentally by In,Ga _,As-AljIn;_ As-InP family of heterostructures is
Waldrop et al® with x-ray photoemission spectroscopy and still unclear and has technological importance in addition to
Bohrer et al® with a combination of calorimetric-absorption its fundamental interest.

spectroscopy and band-structure calculatidiig, theoreti- On the experimental side, the obvious lesson to be drawn
cally by Hybertsetf with first-principles calculations. In from the past is that several qualitatively different measure-
contrast, Lugagne-Delpon, Andrand Voisirt! found ex- ments performed on well-characterized materials are
perimentally clear nontransitivity with photoluminescencenecessary to get sufficient confidence. In this paper we
(PL), photoluminescence excitatigRLE), and photocurrent report on BO determination in InP{gGa s+As and

(PO measurements. While commutativity is found for the InP-Aly ,dng5,As for both the direct(arsenide grown on
InP-In,Ga,_,As system by Dandrea and Ddkewith first-  phosphidé and inversephosphide grown on arsenidbet-
principles calculations, noncommutativity was foud in erojunctions separately. We used temperature-dependent
the same system by Foulon and Prigstewith self- current-voltage measurementB/T) and in addition internal
consistent tight-binding treatment and experimentally byphotoemission for InP-fyGa 4/AS. While the determina-
Landesmaret al* with ultraviolet photoemission spectros- tion of the absolute BO's is accompanied with the usual
copy, (i) in InP-AlIn;_,As by Lugagne-Delpon, Andre uncertainties, differences between similar structures are very
and Voisirt* with PL PLE and PC. While transitivity has precise, because systematic modelization inaccuracies com-
only a fundamental relevance, noncommutativiggymme-  pensate mutually. In addition, we discuss PLE measurements
try) also has important consequences for the optical propein wide InGa _,As-InP QW’s, which bring a convincing
ties of multiple quantum well§QW'’s) or superlattices: in qualitative proof of the strong asymmetry of the potential
order to avoid the build-up of a macroscopic potential bywell.

summing the band-offset differences of each QW, the system The experiments are performed on four samples grown by
has to create a built-in electric field by accumulating electricelemental-source molecular-beam epitaXivBE). The
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FIG. 1. The left column shows the sample structures. The low- S 80mv
doping concentration™ is ~10*® cm™2, and the heavy doping™ = 6 ' . 1 120mV 7
is ~2x10™ cm™3. The right column shows schematically the band 3 A 5 6 7 8
structure of the 1xGa,_,As-InP and InP-Ajin; _,As interfaces. 1000 K/7
AE_. is the conduction-band offseAE; is the Schottky lowering,
Ep is the donor binding energ¥r is the Fermi energyE is the FIG. 2. Temperature-dependdnt| curves of sample 2 for for-

In,Ga,_xAs band gapF, is the energy of the ground state of the ward bias, at various temperatures between 167 and 333 K, and
band-bending potential wekk®d is the activation energy, arif; is Arrhenius plots derived from these data.

the difference between the top of the effective potential barrier and

the top of the InGa, - ,As valence band. which relates the flux of carriers incident upon an interfacial

barrier, with sufficient energy to overcome it, to the tempera-

group-V solid sources were loaded into valved crackingyreT and the height of the barrie. The current density
cells. The samples were grown at 500 °C (@@1)-oriented ;g given by the approximate expression

n"-type InP substrates. The corresponding growth sequences
are shown on the left part of Fig. 1. Each sample forms a J=A*T2 exp(—ep/kT){exp(e VIKT) - 1}, (1)
n -n- heterojunction between heavilg-doped substrate
and contact layers. Sample 1 is the direct InPsi$a, ,As  whereV is the forward biasA* is the effective Richardson
interface(Ing 54G&, 47AS grown on InB: it consists of a 2500- constantg is the electron chargéd, is the temperature, ard
A InP buffer layer followed by a 2500-A |/Ga,,As s the Boltzmann constant. A major advantage of these elec-
layer. Both layers have a light-type dopingnp=1x10®  trical measurements over those inherited from surface phys-
cm 3. To facilitate Ohmic contacts, a 500-A JaGa, ,As ics (like photoemission-based methods their insensitivity
gradual doping layefwheren increases from t0cm °to  to the detail of the potential barrier shape, as soon as the
2x10"* cm 3 and a further 1000-A In{Ga ,As layer interface sharpness is smaller than the electron mean-free
(np=2x10" cm ) are added. Sample 2 represents the in-path. As illustrated in Fig. (b), the potential barriee¢ is
verse interfacdInP grown on 1§ 54G& 4/AS). To avoid the approximately equal tdE.— AE,— Er—E,, whereAE; is
perturbation of the electrical measurements by the inevitabléhe conduction BO(CBO), E, is the ground level of the
direct interface following the buffer layer, the correspondingband-bending quantum well at the interfaEg, is the Fermi
layers have been heavilydoped(np=2x10 cm™3). The  energy(measured fronE,), andAE; is the Schottky lower-
same has been done with the other direct interface betweeng, associated with image forces. Rearranging(Egyields
the InP contact layer and the (lgfGa, 4AS cap layer.
Samples 3 and 4 form the direct and inverse interface for  In{J/T?}—In{expeV/KT)—1}=—eg/kT+In A*. (2)
INP-Aly 4dng 50AS, respectively. They have been tailored
likewise. Deep-etched 40m diodes with evaporated gold Thus, measuring the slope of {d/T? —In {expeV/kT)
contacts have been processed for electrical measurementsl} versus 1T and interpolatingd O V vyields e¢. The
Material composition and quality were assessed by PL anihterpolation is also useful for eliminating bias-connected de-
PLE. Good sample quality is evidenced by the narrowviations from this simplified description, like bias-induced
linewidths and small Stokes shifts, and nominal compositiorchange of the band bending, etc. Note also thiat and the
of the alloys is verified. carrier density are assumed to be temperature independent.
We first examine thelVT measurements. We have fol-  The experiments have been performed with a variable-
lowed the approach proposed by Hickmibtind studied the temperature cryostat from Oxford Instruments and a high
activation energy governing current transport in the directiorsensitive Keithley amperemeter. TB¥ curves of sample 2
perpendicular to the heterojunction interface. Thé char-  under forward bias, at various temperatures, are displayed in
acteristic is described by the thermionic-emission theoryFig. 2(a) and prove the thermoactivated character of the con-
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rent on the bias implied by Ed1) is clearly observed over
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317 and 267 meV for samples 3 and 4, respectively. In order

240 T T T — to obtain reliable values oE, and Eg, we calculated the
| SAMPLE 2 charge transfer self-consistently for each sample at the inter-
InP on InGals ] face as a function oA E..?* We assumed the formation of a
200 ] quasitriangular quantum well in the accumulation layer near
L N the interface and occupation of only the ground lekgl
From the field strength at the interfaE€z=0) follows the
160- SAMPLE 1 Schottky loweringAE:*®
InGaAs on InP
120 . et AE,={e’F(z=0)/4 12
L s TEQE ST 3)
' T T T ! The values forE,, Er, AE,, the 2DEG-densityng, the
320 M . depletion lengthL; , and the resulting CBO'AE, are listed
L SAMPLE 3 . in Table I. We find fpr the INP-Ifs{Gay 47As System 186 a_nd
ogol. AlinAs on [nP i 272 meV for the direct and inverse interface, respectively,
SAMPLE 4 hence a difference of 86 meV. In the InPgAling 5/AS sys-
B InP on AllbAs tem the asymmetry amounts to 53 meV in the inverse sense
2401 ~ with absolute values of 375 and 322 meV for the direct and
| i inverse interface, respectively. As usual, due to several po-
200 . . 1 , ' tential error sources the values for the absolute CBO’s are
150 400 -50 0 50 100 150 not very precise. Temperature dependence of the Fermi level

BIAS (mV) and barrier lowering through Norheim-Fowler tunneling
have been neglected. The nominal doping concentrations
FIG. 3. Activation energies against bias obtained in the fourhave not been verified experimentally. Also, one should re-

member that Eq(1) is only a crude semiclassical approxi-

mation of the underlying physics. We estimate relatively
duction mechanism. The exponential dependence of the cularge error bars of~40 meV. However, most of the errors

inherent to modelization inaccuracies depend weakly on the

the experimental range. Incidentally, this result is also insample parameters. Thus, they are unimportant as far as off-

good agreement with numerical simulations of thé char-

set differences are concerned. The main error source remains

acteristics using a diffusion-drift model. The Arrhenius plotsthe uncertainty on the low-doping concentration, which

[Eqg. (2)] derived from these data are shown in Figb)2
Perfect straight line fits (Pearson’s confidence ratio from 1x10'°to 2x10'"°cm™

3

could vary slightly from sample to sample. For a doubling
, we calculate a change Af,

R=0.9999 are obtained for the whole range of voltages andby ~10 meV only, which will serve as the error bar for the
temperatures. The curves obtained with the other samplesffset differences.
show qualitatively the same behavior. From the slopes of the We also performed additional CBO measurements in the

Arrhenius plots, we obtain the activation energas dis-
played in Fig. 3. As already reported in previous stutiié%

INP-Iny 58Ga, ,/AS samples using the internal photoemission
techniqué®*® Electrons from the Ips{Gay,As valence

a weak voltage dependence over the investigated range lmnd are optically excited in conduction-band states. When
observed. A possible explanation could lie in the bias deperthey have enough energy they can overcome the potential

dence of the barrier form. Interpolatioa © V yields activa-

barrier into the InP layer. Their accumulation gives rise to a

tion energies of 133 and 209 meV for samples 1 and 2, anghotovoltageU,,. Thus, measuring the photovoltaic re-

TABLE I. Values forEgy, Eg, AEg, Lp, ng, andAE, obtained from the experimental data associated
with self-consistent charge transfer calculati¢Ref. 19. The values in parentheses are for internal photo-
emission. The CBO ratiQ. is AE/AE,, whereAE, is the corresponding band-gap differen@g.does not
make any sense for type-Il systems like InR4A{ _,As. Note that the conduction-band effective masses
differ by a factor 2 between InP andglgsGay 4AS.

Sample 1 Sample 2 Sample 3 Sample 4
In,Ga _,As on InP  InP on InGa ,As Alyn; yAson InP InP on AllIn; ,As
QW INg 58G& 47AS INg 5dGap 47AS InP InP
Ey (meV) 32.8(31.9 38.4 (37.8 35.5 33.6
Er (meV) 7.2 (6.9 9.2 (8.9 5.9 55
AEg (meV) 13.6 (13.2 15.3 (15.0 16.9 16.2
ng (10' cm™?) 1.4 (1.3 1.8 (1.7 2.2 2.0
Lp (A) 1420 (1340 1790 (1740 2220 2025
AE. (meV) 186 (170 272 (260 375 322

Q. (%) 30.6 (27.9 44.6 (42.6
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of the modelization, remain essentially the same as above.
Therefore, we again estimate error bars of 40 meV on the
absolute values and much le&around 10 meV on their
differences. The InP-4ln; _,As samples could not be stud-
ied with internal photoemission because the threshold energy
E; for a type-Il interface is larger than the involved band
gaps.

Comparing the present results with available theoretical
predictions yields general consistency within the error bars.
1 | 1 ' . Our value for the InP-IfsGa 4AS asymmetry of some 88

meV is in fair agreement with the 60 melin the same

I;SI%OTOtjlw%Néa?Y ](3“?3/)1400 sensg calculated by Foulon and PriestérThe 180-meV
14 ; ;

asymmetry reported by Landesmahal.** is considerably

. T . , T larger but in qualitative accordance. The 53-meV noncom-

(b) mutativity found in InP-A} ,dNn, 5,AS agrees again with the

SAMPLE 1 ) theoretical prediction of Ref. 13 and is in the same sense as
the result of Lugagne-Delpon, Andrand Voisin!! but 50
meV smaller. This quantitative discrepancy is clearly out of
the reported error bars. It might reflect a significant differ-
ence between their metal-organic chemical-vapor deposition
(MOCVD) grown interfaces and our MBE-grown samples.

L ! ! i ! We are inclined to involve the different procedures for com-
900 950 1000 1050 1100 150 1200 muting the group-V species at the interface. In our case, a 25
PHOTON ENERGY (meV) s growth interruption is needed to actuate the valves and let
the partial pressure of the previous species be negligible.

FIG. 4. (a) Photovoltage as a function of the photon enef§y.  During this growth interruption, phosporus-arsenic ex-
Cubic root of the photovoltag¥l,, versus photon energy. The ex- changes are likely to occur at the sample surface. The num-
trapolation to zero signal yields threshold energies of 925 meV folher of exchange events is given by a balance between the
sample 1 and 1005 meV for sample 2. evaporation rateéwhich are not negligible for the group-V

. Y atoms at the growth temperatur@nd the impinging fluxes.
sponse as a function of the excitation energy must ShOW & qge effects, when only partial, would tend to symmetrize
threshold giving a measure f&rE. . From Fig. 1b) we find ¢ girect and inverse interfaces. In the case of the MOCVD-

—E _ grown samples, the commutation sequence was much shorter

ABc=Er~=EgtEotBetEptAEs, @ (2 5. This could explain the more pronounced offset asym-
whereE+ is the threshold energ, is the donor binding metry observed by Lugagne-Delpon, Andead Voisirt! in
energy, andgy is the Iy s{Ga 4As band-gap energy. The MOCVD-grown InP-AllIn;_,As heterojunctions. Clearly,
experiments have been performedrat 2 K with light from  these exchange mechanisms and their dependence on growth
a simple halogen lamp filtered by a grating monochromatoparameters give plausible reasons for=a50 meV depen-
and appropriate filters as the excitation source. The photadence of the measured offsets and offset asymmetry on the
voltage spectra are shown in Fig(a® For sample 1 we growth conditions, especially for no-common atom systems
observe an onset at970 meV. The low-background signal such as those under investigation. That our experimental re-
below 970 meV can be attributed to intraband absorption byults compare fairly well with the theoretical results of Ref.
native electrons in the &g _,As conduction band. The 13 may be considered as an indication that the actual inter-
step at 1410 meV originates from electron-hole pairs photoface stoichiometry is not too different from the ideal descrip-
generated in the InP space-charge region and separated tign. As for the absolute values, they fall within the range of
the built-in electric field. Sample 2 shows the same behavioaccepted values for both systems. In particular, the properties
with an onset at 1050 meV. The stronger InP signal is conef narrow quantum wells are sensitive to the average BO
sistent with the 25% longer InP depletion lengdee Table value, and the present result for InR:Ga 4/As (230
). meV) agrees quite reasonably with the detailed study of

In order to accurately extract the threshold energies fronfdouble step QW's” reported by Soucaétt al. (250 me\}.2¢
these data, we first subtracted the background signal. The#it this point, it is noteworthy that most of the simplifications
we followed the conventional approach of internalused in the description of the present experiments lead to a
photoemissior? plotting the cubic root of the responsk,,  slight underestimate of the actual band offsets.
versus photon energy. Extrapolation to zero yields the Checking transitivity in the InP-Aln,_ As-In,Ga _,As
threshold energies of 925 and 1005 meV for samples 1 anthmily, we find CBO sums of some 500 meV for the
2, respectively, as shown in Fig(. UsingE;=810 meV  Alg 4dngsAs-INP-Iny 55Gay 47As  growth  sequence  and
and Ep=2.9 meV?® we calculate for the direct and inverse some 640 meV for the inverse one. The average &5ird
interfacesAE,=170 meV andAE.= 260 meV, respectively, meV) is significantly larger than the accepted value
thus a difference of 90 meV, which is in nearly perfect agree-of 500 meV (Refs. 9 and 2F for the CBO in the
ment with theJVT result. These values are indicated in pa-Ing 54858 4AS-Alg4dNpsAS System. This nontransitivity of
rentheses in Table I. The error sources, linked to inaccuracigbe average band offsets has already been argued by

T-2K

SAMPLE 1

U:h (arb. units )

1

SAMPLE 2

T

Uph (arb. nits)

1

SAMPLE 2 |
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Lugagne-Delpon, Andreand Voisin. Conversely, following
Foulon and Priester, transitivity should apply if the proper
growth sequence is considered. For instance, the sum of di-
rect InP-InGa, _,As and InP-A}In; _, As BO’s should equal

the Ga_,In,As-Al,In; _ As BO, and the same result would
hold for the sum of the inverse BO’s. Our experimental find-
ings are clearly in excellent agreement with this rather par-
ticular transitivity rule, which cannot be checked by a direct
experiment. Discussion of transitivity properties hence re-

PL-INTENSITY ABSORPTION (arb. units)

quires some semantic care. |

We finally discuss a further qualitative evidence of non- | /\/l/ ¢
commutativity in the InGa, _,As-InP system. We consider EA -
sample 5 consisting of a MOCVD-grown, 28-period TS /|/l/ —
INg.555a 4gAs (146 A)-InP(100 A) superlattice grown on a -—J L
n*-type InP (001) substrate. There the direct and inverse | . |
interfaces are of course grown in the same “run” excluding 850 900 950
possible interface differences through varying growth condi- PHOTON ENERGY (meV)

tions. The residual doping is quite low<10™ cm™3) in this

series of samples. Sample structural parameters have beeng|g 5 p|E spectra of sample 5 in comparison with calculated-
assessed by x-ray double diffraction, giving precise measurggsorption spectré) for an asymmetrical I5,Ga, 45As-INP quan-
ment of the layer thicknesses and composition. The PLEym well (solid line, calculation with an 86-meV CBO difference
spectrum is shown in Fig. 5 and compared with calculateding a 250-meVv CBO average vaJund (i) the symmetrical coun-
band-to-band absorption spectra for an asymmetricalerpart (dashed line, calculated using a 250-meV CBO average
INg 5G& 46AS-INP quantum well(solid line, 86 meV CBO  value. The inset shows the corresponding potential profiles.
difference and 250 meV CBO average valaad its sym-

metrical counterpar(dashed_ ling The .theoretical_ spectra In conclusion, we have measured the CBO'’s of both the
have been obtained by solving numerically the Sdinger direct and inverse interfaces in the INPLGa 4As and

equation for the envelope functions with a transfer-matrix, - . i
method, in the potential profiles shown in the inset. Excitonic - AloadNosAS systems. We obtain a 880 meV non

: commutativity for InP-| s, using both theJVT
effects have been neglected. They are expected to mtrodu%%d internal }[;hotoemissr?gnﬁt?grﬁiques, gnctm meV for

corrections in the 3—6 meV range. The much better qualita; : . .
tive agreement of the PLE spectrum with the solid curve idNP-Alo.sdNo.sAS using theJVT technique. We confirm the

apparent througki) the ratio of oscillator strengths between significant nontransitivity of the average offsets in the
the first and second transition A” —H1-E1 and “B" INP-AlyIn, _ As-In,Ga _,As family of heterostructures.

—L1-E1+H2-E1), (ii) the number of absorption steps, Moreover, our results are in excellent quantitative agreement

= : . with the theoretical predictions of Foulon and Priester.
which is much larger in the asymmetrical case, &id the
band-gap energy itself, which is significantly lowered by W.S. gratefully acknowledges support accorded by the
“built-in Stark shift” and cannot be fitted with the measured DAAD Bonn. The MOCVD-grown “sample 5" was pro-
layer thickness and composition if a square potential well isvided by Dr. J. P. Andrédrom Laboratoire d’Electronique
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