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The dielectric functions of InP, In, 5, Gag 47 As, and Ing ;5 Gag s Asy s Py s epitaxial layers have
been measured using a polarization-modulation spectroscopic ellipsometer in the 1.5 to 5.3 eV
region. The oxide removal procedure has been carefully checked by comparing spectroscopic
ellipsometry and x-ray photoelectron spectroscopy measurements. These reference data have
been used to investigate the structural nature of metalorganic chemical-vapor deposition grown
Ing 3 Gag 47 As/InP and Ing ;5 Gag 55 Asg s Py s /InP heterojunctions, currently used for
photodiodes and laser diodes. The sharpness of the interfaces has been systematically
compared for the two types of heterojunctions: In, , Ga, As, /InP and InP/In, ,Ga, As,P,_,.
The sharpest interface is obtained for InP growth on Ing 75 Gag 55 Asg s Py s where the interface
region is estimated to be (10 4 10) A thick. The importance of performing in situ SE

measurements is emphasized.

I. INTRODUCTION

During the past few years, a great deal of attention has
been given to superlattices composed of thin layers of differ-
ing I11-V semiconductors, with the electrons bound in quan-
tum well. The low-pressure metalorganic chemical-vapor
deposition (MOCVD) process allows the growth of high
quality materials with sharp interfaces.'™ The potentially
important  applications of the quaternary alloys
In, , Ga, As, P, lattice matched to InP in the communica-
tions industry make them worthy of detailed study.' In par-
ticular, the InP/InGaAsP/InP double heterostructure la-
sers operating in the wavelength range 1.2-1.6 um are
attractive light sources for low-loss optical fiber communi-
cations. The knowledge of the structure, at the atomic scale,
of the interface region between various layers is an important
issue of the understanding of the electronic properties of he-
terojunctions and superlattices. High sensitivity makes spec-
troscopic ellipsometry (SE) a useful tool for addressing this
problem. This has recently been illustrated by an SE investi-
gation of the structural nature of GaAs/GaAlAs and
GaAlAs/GaAs heterojunctions.’

The present study is devoted to In, 53 Gag ., As/InP and
Ing 5 Gag p5 Ay s Py s /InP heterostructures grown by low-
pressure MOCVD. The steepness of the heterojunctions will
be compared for two types of structures: those produced by
the growth of InGaAs (or InGaAsP) on InP and those ob-
tained by the reverse growth sequence. Experimental details
concerning the growth procedure, SE, and x-ray photoelec-
tron spectroscopy (XPS) measurements are given in Sec. IL
The analysis by SE relies on the knowledge of the dielectric
functions of InP, InGaAs, and EInGaAsP as discussed in Sec.
IIL. n particular, the oxide removal procedure is systemati-
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cally studied by comparing SE and XPS measurements. Ex-
periments on the four heterostructures are then discussed in
Sec. IV in correlation with the growth mechanisms and the
sample preparation procedures.

Il. EXPERIMENTAL DETAILS

It has been extensively shown that low-pressure
MOCVD is well adapted to the growth of the entire compo-
sition range of In,  Ga As,P,  alloys lattice matched to
InPfromy =0 (InP) toy = 1 (Ings; Gay 4 As)’. Two types
of heterojunctions are considered in this paper:
Ing 53 Gag 4, As/InP* and Ing .5 Gag o5 Asy s Pos/InP.* The
growths were carried out at 76 Torr, at substrate tempera-
tures of 550 °C (InGaAs/InP) and 650 °C (InGaAsP/InP)
with the following deposition rates: 100 A mn~"' (InP), 200
A mn~' (InGaAs), and 140 A mn~! (InGaAsP). The he-
terostructures are obtained by depositing a 70-A-thick epi-
layer on top of the corresponding substrate. This thickness
was chosen in order to enable SE measurements to be sensi-
tive to the interface region. However, a different growth pro-
cedure is used when producing quantum-well structures.'
Before exposure to air, in order to prevent As and/or P effu-
sion, the heterostructures were cooled in the deposition reac-
tor under a gaseous atmosphere which depends on the na-
ture of the top layer of the sample. The following gases were
used: PH; (InP as top layer), AsH; (InGaAs as top layer),
and a (AsH,;,PH;) mixture (InGaAsP as top layer).
Further experimental details can be found in Ref. 1.

The spectroscopic ellipsometer is a polarization-modu-
lation type described in detail elsewhere.® The spectral range
of this instrument is 1.5 to 5.3 eV, SE data being regularly
recorded with an 0.05 eV interval. Let us recall that SE mea-
sures, as a function of the energy, the complex reflectance
ratio:

p=R,R;'=tanvexp(id), (1
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between the reflection coefficient R, and R, for a linearly
polarized light with its polarization, respectively, parallel
and perpendicular to the plane of incidence. In the case of a
bulk material with a sharp interface with ambient, p is direct-
ly related to the dielectric function €(F) of the material
through the relationship:

€(E)=¢,—le, = sin? H{tgze(-l—-:ﬁ)z + 1} s (2)
L+p

where @ is the angle of incidence of the light on the sample.
Chemical treatments of the samples, prior to SE measure-
ments, were performed by flowing solutions over the vertical
surface of an optically prealigned substrate, then maintain-
ing the sample in a dry N, flow while taking SE data in order
to prevent a native oxide growth.

The XPS data were recorded using an ESCALAB
MARK II apparatus using AlKa radiation. Calibration of
XPS spectra has been performed assuming the hydrocarbon
peak to be at 285.0 eV. Etching of substrate, prior to XPS
measurements, has been performed under nitrogen atmo-
sphere inside a glove box. Freshly etched samples were fed
into the XPS apparatus from the glove box, using an hermet-
ic vessel kept under nitrogen atmosphere. Through this pro-
cedure etched samples were never in contact with air before
XPS characterization.

Ill. REFERENCE DIELECTRIC FUNCTIONS

As already mentioned, the SE study of the heterojunc-
tions needs the knowledge of the dielectric functions of the
bulk InP, In, 53 Gag 47 As, and Ing ;5 Gag o5 Asg s Py s materi-
als. However, the corresponding €(E) functions cannot be
deduced directly from SE measurements using Eq. (2) be-
cause of the presence of a native oxide surface layer. It has
been shown that SE provides an highly sensitive indication
of the sharpness of the dielectric discontinuity between sub-
strate and ambient.” Different chemical etching and cleaning
procedures were compared by XPS and SE measurements.
The SE measurements were performed, in a dry N, flow,
immediately afterwards. XPS measurements revealed that
this procedure prevents a native oxide growth. Best results
were obtained by using a (1:10) solution of HF: deionized
H,0. However, it has been shown in the case of [ 100] GaAs
surfaces that acid solutions can produce deep microrough-
ness.” These effects are illustrated by comparing SE and XPS
measurements.

The XPS measurements are shown in Figs. 1-4. Core
levels and Auger lines P(2p), In(3d5/2), As (Auger
LMM), and Ga (Auger LMM) have been recorded. In or-
der to observe the oxide removal from InP, InGaAs, and
InGaAsP surfaces, it is important to know the binding ener-
gies of the core levels and the kinetic energies of the Auger
lines corresponding to the elements In, As, Ga, and P in their
oxidized forms or in the III-V compounds. GaAs and InP,
because they have been extensively studied, have been cho-
sen as reference samples. Spectra shown in Figs. 1{a)—-4(a),
correspond to air-oxidized InP and GaAs samples which
have been chemically etched prior to air exposure. Concern-
ing P(2p), Ga, and As(Auger), oxide components are clear-
ly visible in all XPS spectra. This is less clear concerning
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FIG. 1. P(2p) core level peak recorded for; (a) air-oxidized InP and (b)
and (d) etched HF:H,O (1:10) InP and InGaAsP samples.
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FIG. 2. In(3d) core level peak recorded for; (a) air-oxidized InP and for
etched HF:H,O (1:10) samples; (b) InP, (c) InGaAs, (d) InGaAsP.
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FIG. 3. As(LMM) Auger lines recorded for; (a) air-oxidized GaAs and for
etched HF:H,O (1:10) samples; (c) InGaAs, (d) InGaAsP.
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FIG. 4. Ga(LMM) Auger lines recorded for; (a) air-oxidized GaAs and
for etched HF:H,0(1:10) samples; (¢) InGaAs, (d) InGaAsP.
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In(3d) due to small chemical shifts existing between, indi-
um in InP: binding energy (BE) = 444.4 eV and indium in
In,O,: BE = 444.7 eV or In(OH),: BE =4453eV.° As a
matter of fact, In core level has been fitted with Gaussians in
order to evidence the oxide component [see Fig. 2(a)]. XPS
data were then taken after performing the HF (1:10) etching
treatment on three different air-oxidized substrates: InP,
InGaAs, and InGaAsP (Figs. 1-4). We can notice that the
components characteristic of overlayer oxide have disap-
peared from all XPS spectra, inferring oxide removal due to
the etching treatment.’®'! All these results are in agreement
with previous analysis, which have also shown the efficiency
of HF etching solution in performing oxide removal.'>!* Im-
mersion times from 1 s to 1 min in the etching solution did
not produce any modification in the XPS spectra.

The SE measurements corresponding to the extreme
values of y (InP and In, 5, Gag 4, As) are presented in Fig. 5.
In order to interpret the data displayed in this figure, let us
recall that the presence of an oxide layer and/or a surface
microroughness both induce a decrease of the €, spectra (to-
gether with a shift to lower energies), these effects being
more sensitive in the 4.5-¢V region (E, peak).”®'? The first
chemical treatment (solid lines) performed by flowing the
solution for 1 s over the surface results in an increase of E,
peak which corresponds to the oxide removal, as evidenced

(b
3 4 5
E(aV)

FIG. 5. Influence of the (1:10) HF solution etching on the pseudodielectric
function of InP (a) and In, ; Gagy ., As(b); dashed lines: as-deposited sam-
ples, solid lines: 1-s treatment, dotted lines: 3 s treatment.
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by the XPS measurements. However, an extension of this
chemical treatment for more than 1 s produces a decrease of
the £, peak revealed by SE measurements (Fig. 5: dotted
lines) which can be correlated with the presence of a surface
microroughness. In conclusion, the 1 s treatment by the HF
solution was then systematically applied to each sample be-
fore SE measurements.

Real and imaginary parts, €,(E) and €,( E), of the com-
plex dielectric functions of the three reference materials are
shown in Fig. 6. The two major features of the spectra are the
E, and E, structures at 3 and 4.5 eV, respectively. More
precisely, all of the €, spectra displayed in Fig. 6 have two
features in the E, structure corresponding to the £, and
E, + A, transitions between the spin-orbit-split upper va-
lence band and the lowest conduction band along the [111]
direction in the Brillouin zone. Detailed information about
interband critical points of In, , Ga, As, P, , alloysare given
elsewhere.'® The three €, (or €,) spectra are clearly distin-
guishable, the E, and E, structures move to lower
energies with increasing y from y=0 (InP) to
y = 1(Iny <3 Gag 47 As). The data displayed in Fig. 6 can be
compared to previous measurements obtained with a rotat-
ing analyzer ellipsometer (RAE)' on InGaAsP samples
grown by liquid-phase epitaxy. The overall agreement is
rather good. However, the dominant E, peaks in €,(E) are
2-5% higher in Kelso et al.'® measurements but are 10%

§ 3 - 4 ’ S
E eV

FIG. 6. Real parts and imaginary parts (€,€,) of dielectric function spectra
of InP (solid lines), Iny,;Ga,,;As (dashed-dotted lines) and
Ing ;5 Gag ;5 Asy s Py s (dashed lines).
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lower in E, region ( ~ 3.0 eV). The weak discrepancy in the
E, region can be possibly attributed to differences in sample
growth and surface preparation. As a matter of fact we have
checked that a 5-A-thick In,0, overlayer, or a very small
surface microroughness (5-A-thick overlayer with 50%
density deficiency) can account for the observed discrepan-
cy in InP near 4.5 ¢V. But more generally, differences in
€,(E) data can reflect differences in the measurement proce-
dures. In particular, it can be noticed that the RAE measures
cos A [as defined by Eq. (1) ] whereas the polarization mo-
dulation ellipsometer measures either cos A or sin A. There-
fore, as already pointed out,'® the RAE will be at a disadvan-
tage when attempting to measure materials where A is close
to 0° (or 180°), such as In, ,Ga, As, P, , {from y =0 to
y=1) in the E, region.

IV. EXPERIMENTAL RESULTS AND Di{SCUSSION

Four samples of heterostructures have been examined:

(a) A70-A Ing 53 Gag 47 As epilayer on an InP substrate.

(b) A 70-A InP epilayer on an In, s; Gag 47 As thick lay-
er (2000 A) grown on an InP substrate.

(c) A 70-A Ing.sGag s Asg s Pos epilayer on an InP
substrate.

(d) A 70-A InP epilayer on an Ing ;s Gag s AsysPos
thick layer (2000 A) grown on an InP substrate.

In each case, the cleaning procedure described above
was applied before SE measurements. The €(E) functions of
the heterostructures, given in Fig. 7, clearly differ from the
data of Fig. 6 which correspond to the bulk materials. Be-
cause of the thin thickness of the epilayer (70 A), the optical
response of the substrates clearly influences the SE measure-
ments displayed in Fig. 7, this effect being more sensitive in
the E, region ( ~3.0 eV). In order to detect the presence of
an interface region between the substrate and the epilayer,
the experimental ¢,( E) measurements have been compared
in Fig. 8 to a calculation using the reference dielectric func-
tions shown in Fig. 6 and assuming a sharp interface between
the substrate and a 60 A (dotted lines) or 80 A (dashed
lines) overlayer. The experimental €, curves only interpolate
both calculations in Fig. 8(d) (InP/InGaAsP). In contrast,
in Figs. 8(a), (b), and (c) the experimental curves clearly
depart from the calculations in the E, region, showing the
influence of a transition region in those cases.

This interface region may be tentatively described by
assuming that the substrate and the epilayer are mixed inside
a very thin layer without changing their chemical nature.’
Such a physical mixture simulates a rough interface at the
atomic scale between the substrate and the epilayer. The di-
electric function of the interface layer is computed using the
standard effective medium approximation.'” A least-square
fit of the data displayed in Fig. 7 is then performed, the free
parameters of the fit being: f,, the volume fraction of the
substrate inside the interface layer; d; and d,,,, the thick-
nesses of the epilayer and the interface layer, respectively. In
order to perform quantitative comparisons between the four
heterostructures, the values of the fit residual 82, defined
as the minimum of:

N
52 = Z ‘é-exp (Ei ) - ecalc (Eivf;'dim !d()) 52

L
Nl:]
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FIG. 7. Experiment (solid lines) and best fit to the data (dashed lines)
using the physical interface model of the heterostructures.

(where N is the number of experimental measurements) reg-
ularly performed at energies E, with AE;, = 0.05 eV, are
compared in Table I. The results of the fits are compared to
the experimental € (E) curves in Fig. 7 (dashed lines). Best
matches between calculated and experimental curves are ob-
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FIG. 8. Experiment (solid lines) and modelings (dotted and dashed lines:
60- and 80-A-thick epilayers ) assuming a sharp interface of the heterostruc-
tures.
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TABLE I. Results of the fit to the physical interface model.

Sample Type S
a InGaAs/InP 3.0
b InP/InGaAs 0.1
c InGaAsP/InP 6.0
d InP/InGaAsP 0.2

tained for samples b and d (InP epilayer). In contrast, 82,

increases by a factor of 30 when using the reverse growth
sequences (InP substrate). In particular in these later cases,
the physical interface model fails to reproduce the €,(E)
data in the E, region [see Figs. 7(a) and 7(c¢)].

Let us discuss first the cases corresponding to InP epi-
layer (samples b and d). The values of the fitted parameters
obtained with these samples are displayed in Fig. 9. It can be
noticed that the overall thickness value (d,,, + d,) obtained
using the physical interface model is in very good agreement
with the expected epilayer thickness (70 A). The precision
on the fitted parameters values can be estimated by varying
the spectral range of the dielectric function used in the fit.
The following typical values were obtained + 0.1 on f, and

+ 10 A ond,,, and d,. In each case a small interface layer is
obtained whose physical composition is closed to InP
(f; ~0.80). However, the sharpest interface is obtained by
depositing InP on InGaAsP (sampled), in this case the exis-
tence of an interface layer is not evidenced (d;,, = 10 + 10
A). The dielectric functions of both interface layers can be
estimated by using the fitted values of f,. The corresponding
imaginary parts of the dielectric functions are compared to
InP in Fig. 10. As expected, the optical responses of the in-
terface layers of samples b and d are found to be very close to
InP. This leads to two possible interpretations. First, a rough
interface is produced in the sample b but the difference
between both samples b and d revealed by the physical inter-
face model (see Fig. 9) remains unclear. Second, there is an
interdiffusion between the substrate and the epilayer (InP)
leading to a formation of a thin layer of a quaternary alloy
with a chemical nature different from the substrate. In this

v
InP dn=10 A ; ~
~ i H
1 ‘ ‘
1 1
1 1
1] 1] 1
' ° InP A
dint=65 A dp=60 A
0.89 InP « , :
H
0.11 InGaAs | ! :
' 0.73 IrP + M 1
v {017 InGoAgP Eint"m A
InGaAs InGaAsP

FIG. 9. Structures of heterojunctions (InP epilayer) as determined by using
the physical interface model.
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0 s \ .
3 4 5

E eV

FIG. 10. Determination of the imaginary part of the dielectric function of
the interface layers (InP epilayer) using the physical interface model, com-
pared to InP.

frame, the results displayed in Fig. 10 can be understood as
an estimation of the optical response of the interface layer.
An inspection of Fig. 10 shows that the composition of this
quaternary alloy In, , Ga,_As P, , is probably closetoy = 0
(InP). Moreover, with this latter chemical interface model a
sharper interface is expected in sample d in which the under-
layer is already a quaternary alloy (Ing ;s Gag ;s AsgsPos ),
than in sample b (substrate InGaAs). Indeed, the difference
between sample b and d, revealed by the physical interface
model can be correlated to the growth conditions. In both
cases before the growth of the InP layer, the introduction of
Ga(C,Hs), and AsH; is interrupted but the phosphine re-
mains present in the reactor only in the case of the deposition
of InP on InGaAsP (sample d). Then, the difference
between both interfaces can reflect the diffusion time of the
phosphorous toward the neighborhood of the growth sur-
face in the case of InP/InGaAs (sample b). This interpreta-
tion has been recently confirmed by an Auger analysis taken
along a chemically bevelled quantum-well InP/InGaAs/
InpP.**

Let us now consider the opposite cases in which InP is
the substrate (samples a and c¢). The results of Table I show
that in both cases a very bad agreement with the physical
interface model is obtained. This may be attributed to the
presence of a large chemical interface. However, resuits
from Auger spectra of a chemically etched bevel through
Gag 47 Ing 53 As-InP quantum wells do not seem to support
this hypothesis. '® But it has to be noticed that the quantum-
well structures are produced using a different growth proce-
dure. In this later case, the ternary layer is located between
InP epitaxial layers. Furthermore, the only spectral region
of Figs. 7(a) and 7(c) where chemical interface would play
a significant role is the vicinity of E| transitions. If a chemi-
cal mixing were present the corresponding peak would be
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substantially broadened, which it is not. Likewise, chemical
mixing could not possibly lower the value of the E, peak ine,
nor raise the value of €,. So, we favor another interpretation.
Obviously, the optical response of the thin 70-A-thick epi-
layers (InGaAs and InGaAsP) are incompatible with the
corresponding bulk dielectric functions obtained by using
2000-A-thick InGaAs and InGaAsP grown on InP, as
shown in Fig. 6. These differences may possibly reflect dif-
ferences in sample preparation. In particular, let us recall
that during the cooling procedure in the deposition reactor
before SE measurements, the introduction of group III-al-
kyls is interrupted in both cases, group V hydrides being still
resident in the reaction tube. Then, the composition of the
gaseous boundary layer is expected to vary in the early stage
of the cooling procedure, before complete evacuation of the
groups Ill-alkyls. However, the epitaxial growth is con-
trolled by the mass transport of group I1I species.' This can
result in a modification of the composition of the InGaAsP
epilayer near the surface. Furthermore, the gaseous compo-
sition inside the deposition reactor being fixed, the chemical
nature of the In, , Ga, As, P, , alloys is known to vary as a
function of the substrate temperature. Then the deposited
InGaAs or InGaAsP material in these conditions may be
polycrystalline, resulting in a lowering of the E, peak in €,
observed in Figs. 7(a) and 7(c). The influence of these ef-
fects on the optical response of the sample is expected to be
relatively stronger for a thin overlayer (70 A) than for the
bulk InGaAs or InGaAsP. Because of the high stability as a
function of the substrate temperature of the InP layer, this
discrepancy between the dielectric functions of a thin epi-
layer and bulk material is not observed in samples b and d
(InP epilayer).

Obviously, in-situ ellipsometric measurements have to
be performed in real time to check these hypothesis. First,
spectroscopic ellipsometry appear to be a valuable tool to
measure /n situ the chemical nature variation of the
In, ,Ga, As, P, , alloys during the cooling procedure in the
deposition chamber. And second, real time measurements at
a fixed wavelength by kinetic ellipsometry are known to be
very sensitive to the early stage of the growth at the atomic
scale.'® This technique appears to be well adapted to perform
high precision studies of the interface region.

V. CONCLUSION

It has been shown that polarization-modulation spec-
troscopic ellipsometry is well adapted for a detailed study of
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the InGaAs/InP and InGaAsP/InP heterostructures. The
steepness of the heterojunctions has been compared for two
types of structures: those produced by the growth of InGaAs
(or InGaAsP) on InP and those obtained by the reverse
growth sequence. Sharpest interface is obtained for InP
growth on Ing .5 Gag ,5 Asy s Py s where the interface region
is estimated to be (10 + 10) A thick. This clearly shows that
very sharp interfaces can be grown by MOCVD. This result
confirms similar conclusions obtained on GaAlAs/GaAs
heterostructures.? The importance of performing in situ and
real time measurements has been emphasized. A more accu-
rate characterization of these interfaces by in-situ SE is
planned.
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