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InAs on InP: Intermediate alloy formation and interface vibrations

Lucia G. Quagliano
I.M.A.l.-C.N.R., Area della Ricerca di Roma, P.O. Box 10, via Salaria km 29.300, 00016 Monterotondo Scalo, Roma, Italy

Bernard Jusserand
C.N.E.T., Laboratoire de Bagneux, 196 Avenue H. Ravera, 92220 Bagneux, France

Daniela Orani
I.M.A.l.-C.N.R., Area della Ricerca di Roma, P.O. Box 10, via Salaria km 29.300, 00016 Monterotondo Scalo, Roma, Italy
(Received 10 February 1997

We present a detailed investigation of the vibrational modes of single thin InAs layers directly grown on InP
substrate. The Raman spectra have revealed the presence of features besides the longitudinal-optical and
transverse-optical modes related to InP and InAs. We have succeeded in distinctly detecting Raman modes due
to the presence of an intermixed,As,_,P layer resulting from an incorporation of arsenic in the InP
substrate. Moreover, our Raman data show unusual intense features related to the lattice vibrations of interface
bonds. The observed energies of these interface modes are in good agreement with the calculation based on a
modulated dielectric model. This work clearly demonstrates that the vibrational properties of heterostructures
can be sensitive to the structure of the interface and that Raman spectroscopy is a powerful tool to investigate
the crystal structure of heterostructures as well as the interfacial cheni®03/63-182¢07)02932-9

I. INTRODUCTION face alloy. In order to evaluate the nature and the frequencies
of the observed modes, the experimental data have been
In recent years increasing interest has been focused agrompared with a calculation based on the modulated dielec-
InAs/InP strained layer systems because they are relevant t§C model. To have a realistic description of the modes we
optoelectronic applications in the near IR. The high electrorhave included an interfacial layer of#s; _,P in the calcu-
mobilities in InAs have significant potential for high- lation. Good agreement between experiments and theory has
mobility electron device applications. An important and cru-Peen obtained. _ _
cial aspect of the device application is the interface quality. e would like to point out that one important result of
Raman spectroscopy is a very powerful technique to probgwls_work is the expgnmental evidence of the presence qf the
the lattice vibration of solids. In particular, this technique isStrained InAs, ,P interlayer, probably due to a reactive
very sensitive to the interface roughness or intermixing angubstitution of P atoms by As during the thermal cleaning of
is useful for characterizing the local structure of interfaces. the InP substrate under arsenic pressure.
Only a few reports on Raman studies of vibrations in
InAs/InP single quantum wells have been pu_blisﬁéjln Il. EXPERIMENT
these reports Raman lines related to InAs vibrations have
been analyzed in order to determine confinement and strain A series of single layers of InAs, with a nominal thickness
effects in these materials. In Ref. 3 additional bands, attrib3—9 ML, has been grown by molecular-beam epitedBE)
uted to interface phonons, have been observed between thiirectly on InP substrates. The layer thicknesses have been
transverse-optica{TO) and longitudinal-opticalLO) lines  estimated from the bulk growth rates. Epitaxial growth has
of both InAs and InP. been carried out in a solid-source MBE system and has been
In this paper we present a Raman study of vibrationamonitoredin situ by reflection high-energy electron diffrac-
properties of individual and ultrathin layers of InAs directly tion (RHEED).
grown on InP(001) substrates, without a cap layer. The Ra- The substrates were semi-insulatif®§1) oriented wafers
man spectra have revealed several new structures in additie@i “ready to use” quality. Prior to growth, the substrate
to the LO and TO modes related to InAs and IfiP:broad-  surface was thermally cleaned under an arsenic flux of about
bands between TO and LO phonons of InAs and Iif; 1x107° Torr at a substrate temperature of about 520 °C.
intense narrow features close to the bulk optical phonons ofhe heating was interrupted on the appearance of a clearly
InAs and InP. Owing to a detailed experimental study of the2 X 4 reconstruction observed in the RHEED pattern, indica-
intensities and frequencies of these phonon modes as a funiive of oxide removal from the InP. After this standard clean-
tion of the incident wavelength as well as of InAs thickness,ing and oxide desorption procedure the substrate temperature
we have assigned the broadbands to interfacial alloy vibrawas decreased to 380 °C and InAs layers were grown.
tions and the narrow lines to the interfa¢E) phonons of the The Raman experiments were performed at 80 and 300 K
structure. These assignments differ from the one reported insing two different excitation wavelengths: 476.5 61
Ref. 3, where all additional lines have been analyzed ireV) and 514.5 nn{2.41 e\j. The Raman scattering light was
terms of interface phonons without any reference to an interanalyzed with a DILOR Modular XY-Laser Raman spec-
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InAs on InP quency does not depgnd ;ignificantly on the th.ickness be-
A <4765 nm tween 3 and 9 ML. This shift is reasonably explained by the
TB—XCSOK. InAs-LO pInP-LO effect of compressive strain in the InAs layer given by the
ZXY)Z large lattice mismatch=£3.2%) between InAs and InP. The
estimated value of this shift, deduced from textbook values
InAsP- of the elastic parameterss =10 cm . However, we can-

InAs-TO not exclude some contribution due to a slight strain relax-
ation and to phonon confinement.

Besides these modes, different features have been ob-
served in the Raman spectra. These structures positioned be-
tween bulk InP and InAs optical energies are attributed to the
presence of a mixed jAs, ,P layer. This ternary com-
pound is formed on the InP substrate because of the uninten-
tional incorporation of arsenic during the thermal cleaning of
InP surfacé:” As a matter of fact, thermal desorption of
surface oxide from InRP00J) requires heating well above the
congruent evaporation temperature, implying decomposition
and a severe loss of phosphorus that is replaced by arsenic.
The InAs;_,P alloy, like most ternary compounds, exhibits

: a two-mode vibrational spectrum over the whole composi-
' tion range. This means that the scattering from optical
%L (a) phonons exhibits two bands, one close to the frequency of

. . . . pure InP and the other near the pure InAs. Therefore, the
200 250 300 350 lines observed at=324 and=232 cm ! are assigned to InP-
Raman Shift (cm™) like (InyAs; _,P-P) and InAs-like (IgAs;_,P-A) vibrations
of the additional IpAs,_,P interfacial layer, respectively.
FIG. 1. Raman spectra measured at 80 K with an excitationThe energies of these modes do not shift with increasing
wavelength of 476.5 nm for the samples with nominal InA§ thick- |nAs thickness. As the lattice constant ofAs,_,P is big-
ness:(@ 4 ML, (b) 5 ML, and(c) 9 ML. Data were collected inthe  ger than that of InP, this alloy is expected to be under biaxial
Z(X,Y)Z configuration. compressive strain causing a shift of LO-phonon lines to
higher frequencies. A quantitative estimate of the alloy com-
trometer system and detected with a nitrogen- cooled charggosition of this intermixed layer from the position of the
coupled device. The spectra were recorded in quasibackscahonon modes is difficult to obtain because it is necessary to
tering geometry from thg001) growth surface with the know the concentration profile and the strain distribution of
Z(X,Y)Z andZ(X,X)Z configurationsX, Y, andZ are de- this interfacial layer. Our results indicate that phosphorus on
fined along thg001), (010), and(001) crystal axes, respec- the top of the InP substrate was replaced by arsenic during
tively. the surface passivation, resulting in the formation of an
In,As, _,P layer. Therefore, in thin InAs films grown on InP
substrate one expects anAs,;_,P interfacial layer imme-
diately adjacent to the InAs layer and these systems can be
Figures 1a)—1(c) show Raman spectra for the samplesdescribed by a three-layers model InAgAs,_,P/InP.
with a nominal thicknessl=4, 5, and 9 ML. The spectra These results are in agreement with recent observations ob-
were measured at 80 K with an excitation wavelength oftained from x-ray photoelectron diffraction measurements
476.5 nm. This laser line was selected because of the resand selected area x-ray photoelectron spectrostopy.
nance enhancement of the Raman signal aBhéand-gap In Figs. 2a)—2(c) we present Raman spectra for the same
energy of bulk InAg The data were recorded in backscatter-samples reported in Fig. 1. These spectra were measured at
ing geometry in theZ(X,Y)Z configuration. As expected the same temperature and excitation energy, but they were
from a (001) oriented sample, in this perpendicular configu- collected in theZ(X,X)Z scattering configuration. When the
ration scattering by LO phonons is allowed according to thepolarization of the scattered light is parallel to that of the
symmetry selection rules, whereas scattering from TGncident light, the LO-phonon scattering by the deformation-
phonons is forbidden. The observed Raman spectra shopotential mechanism is symmetry forbiddemherefore, the
several peaks. The LO-phonons mode from InP substrate &aman activity of the LO phonons is considerably reduced in
=346 cm ! as well as the LO-phonon mode relative to the comparison with the spectra taken in tAeX,Y)Z configu-
InAs layer around=249 cm* are the dominant peaks. The ration and is only due to the Fmich mechanism. Because
weaker peak in the low-frequency side of the spectra athis mechanism is effective only at resonance, the InP LO is
=221 cm ! could be assigned to the InAs TO-phonon modedrastically reduced in intensity in this configuration. On the
which is symmetry forbidden in this configuration. Its acti- contrary, because of thg; resonance, the phonons relative
vation should be due to departure from exact backscattering InAs are less reduced in parallel configuration; in particu-
and/or to crystal imperfections. The peak positions of thdar, the LO phonon from InAs is the prominent feature. For-
InAs LO phonon are shifted towards higher energies withbidden scattering from InAs TO phonon is still observed
respect to the bulk phonon value=7 cm™?) and its fre- under this scattering configuration.
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FIG. 2. Raman spectra measured at 80 K with an excitation g|G 3. Room-temperature Raman spectra measured using the
wavelength of 476.5 nm for the samples with nominal InAs thick- 514 5.nm excitation wavelength for the samples with nominal InAs
nessi(a) 4 ML, (b) 5 ML, and(c) 9 ML. Data were collected in the thickness{a) 3 ML, (b) 4 ML, (c) 5 ML, and(d) 9 ML. The spectra

Z(X,X)Z configuration. Peaks denoted by IF are interface-relateqyqre recorded in th&(X,X)Z configuration. Peaks denoted by IF
phonons. are interface-related phonons.

In Figs. 3a)—3(d) we present typical Raman spectra from served. We believe that it is not resolved from the InP-type
the samples with nominal thicknesis=3, 4, 5, and 9 ML.  LO-phonon mode of the alloy (JAs;_,P-P).
The spectra have been obtained at room temperature in the Concerning the InAs phonon region, the Raman spectra in
Z(X,X)Z configuration with an excitation wavelength of Fig. 3 exhibit significant changes compared to the spectra
514.5 nm. In these conditions we are no longer close to theeported in Fig. 2 which have been obtained in the same
resonance with th&, gap energy of the bulk InAs. In the parallel configuration but under resonant excitation condi-
figure, as in the previous one, several additional lines aréions. Changing the excitation energy and the sample tem-
observed besides the TO and LO peaks. We assign all thegerature we are no longer close to resonance witlcthgap
lines to modes related to interface phonons. A calculation oénergy of InAs and the LO-phonon line relative to InAs is
their frequencies based on a modulated dielectric model wiltlrastically reduced in intensity. On its low-energy side a dif-
be presented after. To simplify the description of the spectréerent structure has been observed, which we assign to the
displayed in Figs. 2 and 3, we can anticipate from the resulinterface mode between InAs and,fs;_,P (InAs-IF2).
of the calculation that there are seven different interfaceClose to the TO frequency of InAs, we have observed a line
phonons in the structure: one InP-like, fourAs, _,P-like,  which could correspond to both the InAs TO mode and the
and two InAs-like. In the InP region of the experimental surface mode of InA¢InAs-IF1). We have also observed a
spectra, we observe a weak LO-phonon signal and in addbroadband, positioned around 235 ¢inin the energy range
tion to this mode a well-resolved peak which is assigned t®f the InAs-type modes of the JAs; P alloy. This band is
scattering by InP interface mod&P-IF1). The strength of due to the overlapping of the interface modegAsy _,P-1F1
this mode decreases with increasing thickness of the InAsaand InAs, _,P-IF2 with the bulk vibrations. In our opinion,
For the sample with 3 ML this interface mode is comparablethese modes are not resolved because of the proximity of
to the LO mode of InP substrate. Besides, the Raman specttheir frequencies, combined with alloy broadening.
present two peaks close to the InP TO energy. The lowest- Comparing the spectra presented in Fig. 3 with the corre-
energy one is attributed to the InP TO-phonon mode, theponding spectra in Figs. 2 and 1 we note that in resonance
other one decreases in intensity with respect to the InP LOeonditions the InP-IF1, I#As; ,P-A and IgAs;_,P-P
phonon mode with increasing InAs thickness. We ascribe thenodes increase in intensity with the InAs-deposited thick-
latter to an interface phonon mode of theAs; ,P alloy ness. In these conditions the contribution of theAls _,P
related to the interface with the InP substratelayer is probably also selectively enhanced. For instance, the
(In As; _P-IF3). The other interface mode of the alloy re- InP-IF1 mode(localized at the interface between InP and
lated to the interface with InP (JAs;_,P-IF4) is not ob- In,As;_,P) is mostly Raman active thanks to its extension
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FIG. 5. Schematic representation of the semi-infinite three-layer
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FIG. 4. Room-temperature Raman spectra measured using yigterfaces.

514.5-nm excitation wavelength in th&X,Y)Z configuration for In order to get a quantitative descript_ion Of. th.ese interface
the sample with nominal thickness 6 ML for different value of the modes, we have performed a calculation within the modu-

scattering angleta) 15°, (b) 30°, (¢) 50°, and(d) 70°. lated dielectric model. We have modified the calculation in-
troduced by Nakayama, Ishida, and Saimoorder to include

within In,As;_,P which likely increases with the InAs- the strained interfacial alloy. We have considered a semi-

deposited thickness. For a more guantitative understandinigfinite multilayer system InP/lAs, _,P/InAs/vacuum,

of these variations we should have at least the exact value schematically depicted in Fig. 5. Each constituent is charac-

the E, transitions in the surface layers. Probably these valueterized by a local dielectric constastw):

display some variations as a function of the deposited thick-

ness and modify the Raman activity of the corresponding gi=1 fori=0, @
phonons. with i =0 standing for vacuum;

Figure 4 shows Raman spectra of the 6-ML sample ob-
tained in perpendicular configuration for different incident _ wZ—wEO_
angles of the laser beam at the same temperature and excita- gi=e, ———— fori=1 andi=3, 2
tion energy of the spectra reported in Fig. 3. Varying the W W10,

angle 6 between the directions of the incident and scatterequth i=1,3 corresponding to InAs and InP, respectively.

light a range of in-plane wave vectors has been generate%.enotes the high-frequency dielectric constant, and w g

The intensity of the InP TO line increases with increasing o the lonaitudinal and transver tical-ohonon fr n
angle in the Raman spectrum because of the change of t 9 a. sverse-optical-phonon frequency
of the InAs and InP layers;

selection rules due to the departure from the exaéx)

orientation. Moreover, a new peak is clearly observed on the 02— w? 02— w?
low-frequency side of the LO-phonon from InP. With in- c—e LO24 O <ri=2 3)
creasing incident angle from the backscattering geometry b wz—w$02A wz—w$ozp '

this mode becomes more distinct. In quasibackscattering . ) .
configuration the in-plane wave vectky transferred to the With i=2 corresponding to ks, _ P alloy which exhibits a
phonon is small. Therefore, the frequencies of the IFWo-mode behaviorw o,,, wro,, @adw o,,, wTo,, Stand-
phonons are close to the frequencies of the LO phonons aridg for the InAs-like and InP-like, respectively.

we have observed them only in parallel configuration where The parameters of these materials are listed in Table I.
the LO lines are weak. With increasirkg the frequency of We have used textbook values for InP and InAs, modified to
the IF phonon shifts away from the LO frequency and thistake into account the effect of strain. Concerning the
peak related to the interface phonon localized at the boundn,As,; _,P alloy, its phonon frequencies are known with a
ary between the InP substrate and thgAs P layer(InP-  limited accurac}’ and, to our knowledge, their strain depen-
IF1) becomes observable in the crossed configuration. Thidence is not available. We have roughly estimated the As
confirms our assignment of the peaks observed beside thencentration to be (5010 %) and we have used in the
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TABLE |. Transverse- and longitudinal-phonon frequencies, high-frequency dielectric constants and
thicknesses of InAs, InP, and, s, _,P alloy.

wto (cm™h o (cm™) £ d (nm) i
InAs 228 252 11.8 2 1
InP 304 346 9.5 3
In,As, P (InAs-like) 232 (w70,,) 241 (wi0,,) 10.7 10 2
InXAsl_XP (InP-llke) 315 (wTOZP) 334 (wLOZP) 10.7 10 2

calculation the values of Carles al1° at this concentration, wherek;, corresponds to the component of the wave vector

shifted by 5 cm? that is half of the predicted strain shift in in individual layers;k, is thex component withx the direc-

the InAs layer. tion parallel to interfaces, which is constant over the whole
The dispersion relation of the interface modes in the infi-structure;c is the speed of propagation of ligid; andd,

nite three-layer system can be obtained from Maxwell'sare the thicknesses of the InAs andAs, _,P layers, respec-

equations together with conventional boundary conditionstively.

By using the above-defined notations we have obtained The interface modes in our system are the solutions of Eq.

(4), which has been solved numerically. In Fig. 6 we show

ke ko Kies the theoretical dispersion curves of these modes. The inclu-
1_@ 1_81k_1 1+® +exp(—2kydy) sion of the IpRAs;_,P alloy with its two-mode behavior

gives rise to a new situation because the alloy-related oscil-

Ko kiez Kaes lators are included within the reststrahlen bands of the other

X|1te; k_1)<1_ kyeq +exp(—2kydy) 1+@) layers. The resulting in-plane dispersion curve is qualita-
tively different from the one previously published by

I 1—e ko 1- kigo +exp— 2k,dy)| 14e Ko Nakayamad and we observe seven modes instead of four.
Lk, Koeq e Lk, Two of them, IgAs,_,P-IF2 and IF3, exhibit opposite in-

plane dispersion with respect to the normal behavior. These

|14+ k182> -0 4) dispersion curves allow us to assign most of the peaks ob-

Koeq ' served in the spectra, some of them appearing for particular

. experimental configurations. We believe that these peaks
with could arise from the activation of lardg interface phonons.
The observation of these modes requires an additional scat-
tering mechanism in the Raman process. We suggest that one
possible explanation of the origin of this scattering could
derive from interface roughness. The presence of the ternary
, NE— — In,As, _P is very likely to be responsible for interface dis-
order and this could provide the relaxation of the parallel
momentum conservation and the activation of the IF modes.
The effect of this activation can be seen in Fig. 7 where we
have attempted to model the contribution of interface modes
to the Raman spectra. Contrary to the experimental results, in

. (5

340

Tﬁszo this figure there is not the contribution of the bulk phonons.
g Using a Lorentzian wave-vector relaxation with a half width
>
5
§ InP-1F1
< 250 InASP-IF3
8 I InAs-IF2
2
[sX

intensity (arb.units)

| 1 1 L 1 n i
0.0 02 04 0.6 0.8 1.0
in-plane wavevector (nmq)

220 240 260 280 300 320 340
phonon frequency (cm'1)
FIG. 6. Theoretical dispersion curves of the interface modes
calculated within the modulated dielectric model. The areas filled FIG. 7. Spectral density of interface phonon modes, calculated
with light gray, gray, and dark gray show the TO-LO ranges of thefor vanishing average in-plane wave vector and a Lorentzian broad-
bulk compounds InP, lAs, _,P, and InAs, respectively. ening with a half width of=0.25 nn'%,
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of 0.25 nm, we have obtained seven structures peaked dfii) intense narrow features close to the bulk optical phonons
the interface frequencies, providing a good qualitative deof InAs and InP. We have attributed the broadbands to inter-
scription of the observed peaks, particularly in the InP enfacial alloy vibrations due to the presence of an interfacial
ergy region. Among the seven interface modes predicted itn,As, _,P layer between InP and InAs. This ternary com-
our calculation, four of them are well resolved in the experi-pound is due to the unintentional incorporation of arsenic on
ments: InP-IF1, IpAs; _,P-IF3, InAs-IF2, and perhaps InAs- InP substrate during the thermal cleaning of the substrate
IF1. We believe that the other peaks (As,_,P-IF1, under an arsenic pressure before the growth of InAs layers.
In,As, _P-IF2, InAs,_,P-IF4) are not resolved because the Concerning the intense features appearing just below the
individual mode frequencies are superimposed to the bullkulk optical-phonon energies, their intensities and line
modes of the alloy which are broadened by the disordeshapes depend on the angle between the directions of the
and/or by some composition variation not considered in théncident and scattered beams. From this behavior and from
model. From this quantitative analysis we deduce that, bethe positions of the peaks, we deduce that they are related to
cause of the introduction of the alloy, the interface modeghe lattice vibrations of interface bonds. We have attributed
become very close to the bulk phonon modes and weakl{hese modes to interface phonons and analyzed their frequen-
dispersive as a function of the in-plane wave vector. Concies by using a modulated dielectric model, which provides a
trary to Ref. 3, we do not need to introduce two differentgood qualitative description of the experimental spectra.
wave vector ranges to explain all the new lines from the We have been able to observe Raman scattering coming
interface phonon dispersion. from a very small amount of scattering species thanks to the
We would like to point out that our quantitative model use of specific excitation wavelengths close to electronic
well supports the description of the InAs/InP Raman spectrdesonances of the surface layers. This study demonstrates
presented in this work, including the contribution of both that Raman scattering is not only sensitive to the thin layer at
intermediate alloy vibrations and disorder-activated interfacéhe surface but provides detailed quantitative information on

phonons of the whole structure. the vibrational structure of complex stackings which takes
place during the first stage of heteroepitaxy of semiconduc-
IV. CONCLUSION tors.

We have investigated by Raman spectroscopy the inter-
face of InAs/InP heterostructures, with an InAs layer thick- ACKNOWLEDGMENT
ness between 3 and 9 ML. The Raman spectra have shown,
in addition to the peak structures due to the LO and TO The authors would like to thank the MBE group of
phonons related to InP and InAs, two different featuf@s: ICMAT-CNR for supplying the samples used in these ex-
broadbands between TO and LO phonons of InAs and InRperiments.
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