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We discuss the morphology of heteroiiiterfaces formed between phospliorus- and arsenic-
based semiconductor compounds. Results of low temperature photoluminescence and Sec-
ondary lon Mass Spectroscopy are presented as effective tools to investigate the heterointer-
faces. The analysis of tlie photoluminescence results evidences roughness on different scales
at the interface. The influence of tlie growth parameters, such as growth temperature and
substrate orientation on the interface roughness isinvestigated. Detailsof the As-P exchange
effect usually observed atthese systems are explored with a systematic set of samples where
tlie InP surface was exposecl to As following different procedures.

1. Introduction

The atomically perfect interface between two differ-
ent semiconductor compounds proposecl by some mod-
els gives place, in a realistic view, to tlie rough inter-
face real systems. Even while advances on the growtli
techniques in the last decades miniinized the interface
roughness to reasonable levels, it is very common that
a new device or the demonstration of a new physical ef-
fect face problems generated by roughness at heteroin-
terfaces. The detailed understanding of thc interface
morphology is an endeavor not only by the desire of
eliminate these problems but aso by the fact that the
control of theinterface roughness can be a tool to build
new structurestt,

There has been a growing interest in heterostruc-
tures combining InP and As alloys for various opto-
electronic devices. However, previous studies suggest
difficulties to obtain abrupt interfaces in these systems.
These difficulties are inherent to all gas- source tech-
niques and they are related to tlie excliange between
As and P. Growth halts are usually employed to avoid
having sirmultaneously As and P i1l the growth cham-
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ber. However, it has been shown that there is a strong
effect of Asand P interrnixing during growth haltst*~51,

In this work we investigate the interface of thin
InP/InAs quantum wells (QWs) grown by Chemical
Beam Epitaxy. The advantage of this system resides
on its simplicity. First it is composed of binary semi-
conductors and this eliminates the uncertainty of alloy
fluctuations. Second, it presents a constant group III
element and only the group V elements of interest, As
and P, areswitched at the interface. The interface mor-
phology is investigated using photoluminescence (PL)
and Secondary lon Mass Spectroscopy (SIMS). The lu-
minescence iS characterized by multiple-line spectraand
is very sensitive to the growth parameters. We discuss
the interpretation of the emission lines based on long
range and short range roughness as compared to the
exciton diameter. The PL emission energies give an es-
timation of the QW thicknesses and are compared to
theintegrated Asin the sample obtained by SIMS. The
As and P exchange is investigated by exposing InP to
As, which results in an effective InAs QW. We show
that we can reduce the As incorporation on InP sur-

faces by modifying the interface chernistry and the gas
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valve switch ng sequence.

II. Experimental

Thesamples were grown by Chemical Beam Epitaxy
on singular snd vicinal (100) InP substrates tilted 2°
off toward the [011] direction, using trimethylindium
(TMIn), triisobutylaluminum (TIBAI), craclted arsine
(Asy) and cracked phosphine (P3). The growtli temper-
ature was varied between 480 and 520 C. All samples
consist of a 2000 A InP buffer layer, asingle INnAs QW
and a 200 A InP top layer. We have used two different
procedures to grow the InAs layer. In tlie first proce-
dure the In.\s was actually grown, in the sense that
during the 1) sec. growth of InAs (nominal 2 monolay-
ers) both the TMIn and the As; sources were open. A
2 sec. growth halt prior to and after tlie As-P switch
was used to eliminate residual gases on tlie chamber.
In the second procedure the InAs layer was formed by
a simple exposure of the InP surface to Asy. The expo-
sure time wes 8 sec., during which both the TMIn and
the P, sourtes were closed. The 2 sec. delay used for
tlie group V switch in thefirst proccdure and tlie 8 sec.
exposure in :he secoiid one are both based on previous
results witli InP/InAlAs heterojunctions!® that have
shown definite As-P exchange effects for 8 sec. expo-
sure of InP to As, but no observable effects for times as
short as 2 sec. in our growth system.

Low temyerature spectra were measured at 5 K us-
ing the 488 am Ar laser line for excitation and a 0.75
m spectrometer and a cooled Ge detector, for detec-
tion. SIMS depth profile were obtained with an Atom-
ika 3000-30 ion microprobe employing 3 keV O} bom-

bardment at normal incidence.

III. Results and discussion

Typical low ternperature PL spectra are presented
in Figs. 1 and 2. They consist of multiple lines, vary-
ing from singlets up to 8 peaks, with linewidths of the
order of 20 meV. There is no detectable signal from the

InP barrier layers, which shows that. tlie carriers are
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efficiently collected by the single InAs QWs. The verti-
cal lines correspond to envelope function calculation for
InAs QWs with integer number of monolayers, taking
into account the effect of strain. Despite the expected
error of tlie envelope function model for very thin QWs,
this result can give an estimation of the InAs thickness
formed in our samples. The comparison between the PL
peaks and the calculated emission energies indicates the
formation of InAs layers with thicknesses varying from

1 to 8 monolayers, in contrast to the nominal 2 mono-

layers.
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Figure 1: Low temperature PL for intentionally grown
InP/InAs single QWs with a 2 monolayers nominal thick-
ness. We used three different growth temperatures: 480, 500
and 520 C, and two different substrate orientations: (100)
and 2° off (100) toward the [011] direction. Vertical lines
correspond to envelope function calculation for INAs QWs
with integer number o monolayers. SIMS results give the
integrated number of InAs monolayersin the sample.
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Figure 2: LOW temperature PL for InP/InAs QWs cobtained
by exposing the InP surface t0 As, for 8 sec. We used
three different growth temperatures: 480, 500 and 520 C,
and two different substrate orientations: (100) and 2° off
(100) toward the [011] direction. Vertical lines correspond
to envelope function calculation for InAs QWs with integer
number of inonolayers. SIMS results give the integrated
number Of INAS monolayers in the sample.

It is evident from tliese figures that tlie position of
the PL peaks change significantly from sample to sam-
ple. We rcmark liowever that tlie variation of the peak
energies as a function of the location of the laser spot
for a given sample is negligible as compareci to the sep-
aration between peaks.

The rcalistic description of an interface is a difficult
task, two simple models are traditionally used. The
first one is based on two perfect binaries separated by
a rough edge. The roughness is classified as micror-
oughness or macroroughness, if its length scale is short
or long, respectively, as compared to the effective PL
probe, tlie excitonic diameter. The scconcl model de-

scribes the inteiface as a several monolayer thick region
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consisting of an aloy whose composition varies from
one material to the other that make up the heteroint-
erface. The two models are hasically equivalent if we
consider that the alloy interfacial layer can he alterna-
tively described by a rough edge. However, for a com-
plete equivalence, we have to consider that both the
macro and tlie microroughnesses can be extended for

more than one monolayer.

To simplify our discussion, we will adopt here the
model based on a rough edge. Fig. 3 shows the possi-
ble combinations of micro and macroroughnesses for a
single QW and their expected PL emissions. We have
considered the basic model where macroroughness is
extended to various monolayers but microroughness is
limitecl to only one monolayer. The presence of mul-
tiple resolved peaks instead of a single broad emission
can only be explained by the presence of large InAs
structures ascompared to tlie exciton diameter (macro-
roiighness), so that different excitons probe InAs QWs
with different thicknesses. The traditional interpreta-
tion of the multiple peaks is that they originate from
excitonic recombination in terraces with perfect inte-
gral number of monolayers, which implies the absence
of microroughnessl®”).  This interpretation has been
recently contested by several authors®=19. |n fact,
since the peak energiesin our spectra vary in a random
way from sample to sample, it is evident that these
large InAs islands do not correspond to integer nums-
bers of monolayers. To explain the non-integer number
of monolayers we have to consicler tlie existence of a
microroughness superposed to a macroroughness. In
this case, different excitons prohe different InAs islands
with fast varying tliicknesscs due to the microrough-
ness. The fast varying thickness can be interpreted
as an effective thickness with a non-integer number of

monolayers.

Recently, Carlin et al.’ proposed a simple model
to explain their experimental results. They consid-
ered that microroughness, represented hy an effective

non-integer number of mounolayers dm, is constant for
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a given sample. In this case, due to macroroughness,
the PL should give rise to multiple peaks from regions
witli effective thicknesses: 1+ dm, 2+ dm, 3+ dm, ...
monolayers. We point out that this model implies in
different sets of emission energies for different samples
with distinct values of dm. but it maintains a constant
step of one-monolayer between islands in a given sam-
ple. This model was applied in Tig. 4, where tlie PL
energies from. various samples are plotted against tlie
expected InAs thickness, maintaining the effective one-
monolayer st3ps. For each sample, we used tlie best
value of dm tliat fits the experimental results. Tliesolid
line correspor ds to tlie calculated emission eiiergy using
the envelope function approximation. The model works
reasonably well for some samples (circles), but strongly
fails for others (diamonds). The failure is clue to tlie
variation of tlie energy scparation between two adja-
cent peaks, vwhich is not the constant one-monolayer

stcp predicted by tlie model.

barrier

En+1 En En-1

Figure 3: Sclieriatic representation of a QW with rough in-
terfaces. We show four clifferent roughness configurations as
compared to tlie excitonic diameter (represented by discs),
and their expected PL emission. Tlie barsin the PL spec-
tra correspont! o tlie energy emission for QWs with integer
number o inorolayers. (@) atomically perfect interfaces,
(b) microroughiess, (C) macroroughness, (d) microrough-
ness superposed to macroroughness.

En+1En En-1

89

1.4

1.3F

—h
—
li

ENERGY (eV)
o

o
©
T

o
o8]
i

i
|
|
!
|
|
I
i
i
|
{
!
1
|
!
i
|
i
L

)

]

!

| | [ ]
J i
] ]
|

|

i

|

]

]

|
I
|
I
L i 1
2 3 4 5 6
THICKNESS (monol.)
Figure 4: Energies o tlie PL peaks for various samples ver-
sus tlie QW tliickness. We considered that the InAsislands
tliickness for a given sample are given by: 1+ dm, 2 +dm,
3+dm, ... moiiolayers, wlieredm is the effective non-integer
number of monolayers din that gives the best fits the exper-
imental results to the tlieoretical curve: intentionally grown
QWs at 520 C (circles), intentionally grown QWs at 500
C (diamonds) and QWs obtained by exposing tlie InP sur-
face to As, at 520 C (squares). Open symbols correspond
to (100) substrates and filled symbols, to 2° off (100) to-
ward the [011] direction. The solid | he corresponds to the
calculated emission energy using the envelope function ap-

proximation.

0.7

Tlie conclusion of this analysis isthat our InP/InAs
interfaces show a superposition of micro and macror-
oughness, and that tlie niicroroughness is not constant
over all the islands of a given sarnple. It is always pos-
sible to explain any energy emission between the QW
and tlie barrier band gap using some combination of mi-
cro and macroroughnesses. Similarly, we could describe
any experimental energy with an alloy interfacial layer.
However, there are too many variables on the morphol-
ogy of tlie InAs islands, and fitting the experimental
energies for each sample using precise arrangements of

micro and macro roughness, or using interfacial lay-
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ers with specific variable composition, will not give any
further conclusive result about the islands. We also
remark that an alternative possibility to explain tlie
experimental energies include an extra effect not con-
sidered in the simple envelope function approximation,

such as quantum lateral confinement.

SIMS results presented in Figs. 1 and 2 give the
integrated number of InAs inonolayers in the sample.
Although the depth resolution of SIMS is of the order
of 60 A, which is too broad to resolve the InAs layers,
we can obtain the integrated As content in our sam-
ples with estimated absolute and relative accuracies of
about 20% and 10%, respectively, using InAsP calibra-
tion standards. SIMS results are reasonably close to
the nominal 2 monolayers thickness. We remark that
the thickness of the InAs islands estimated by tlie PL
peaks indicates that some samples present islands as
tliick as8 inonolayers. However, in tlie special case of a
PL spectrum consisting of a single peak, it should bet-
ter reflect the InAs average thickness giveli by SIMS.
The energy of the singlet PL spectra are indeed rea-
sonably close to the calculated energy emission for a 2
monolayers thick InAs QW. Briefly, SIMS results give
tlie average thickness of the InAs layer while the PL

spectra give information about the InAs distribution.

Figs. 1 and 2 show that the As distribution is non-
uniform and strongly dependent on growth conditions.
The number of PL peaks increases asthe growth tem-
perature is increased. This means that, aswe increase
the growth temperaturc, the InAslayer prefers to build
up as thick, non-uniform islands. The growth temper-
ature effect is observed for both procedures and sub-
strate orientations, but it is remarkably abrupt for the
exposed samples. Samplesexposed to As at 520 C show
up to 5 different InAsisland thicknesses but all samples
exposed below 520 C show only singlets emissions, sug-
gesting a much more uniform As distribution. SIMS
results show however that the total As incorporation
is not very sensitive to the growth temperature. The
estimated thickness for each of the exposed samples is

Brazilian Journal of Physics, vol. 24, no. 1, March, 1994

of tlie order of 2 monolayers. A careful analysis indi-
cates only a very small, but systematic increase of the
order of 10% in the As incorporation as we vary the
growth temperature from 480 to 520 C. Finally, samples
grown in vicinal substrates show a slight but system-
atic increase in the As content as compared to the ones
grown on singular substrates. This indicates that the
presence of tlie step edges on vicinal substrates, where
growth isexpected to occur preferentially, enhances the

As incorporation.

In conclusion, increasing the growth temperature
has only a very small effect on the total As incorpora-
tion but strongly increases macroroughness. Previous
iiivestigations about roughness at InAs/InP interfaces
have shown that macroroughness also increases as the
growth halt time is increased®. The increase of both
the growtl-i temperature and the growth halt time in-
creases the Asmobility on thelayer surface. This means
that an increase of the Assurface mobility inducesInAs
clustering. This behavior is probably related to the
strain due to the lattice mismatch of this system which

may favor the starting of a 3D growth!!1:12],

To further investigate the As incorporation on the
InP surface, we have performed different gas switching
sequences for the As exposure procedure. Two aspects
are addressed in this study. The first intends to inves-
tigate the effect of unreacted species accumulated at
the InP surface on the effective incorporation of Asin
the sainples. The second is the effect of changing the
chemistry of the surface exposed to As.

In order to analyze thefirst question, we introduced
two growth halts on the As exposure procedure. After
closing tlie TMIn valve and stopping growth, we added
a 10 sec. delay during which only the phosphine vave
is open. After thisfirst delay, the phosphine valve was
closed and tlie arsiiie valve was opened simultaneously
and the InP exposure to Aswas carried out for 8 sec., as
in the standard procedure. After the 8 sec. exposure,
tlie arsine valve was closed and the phosphine valve was

opened simultaneously. We then introduced a second
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10 sec. delay during which only the phosphine valve
was openecl, after which, the TMIn valve mas opened
resuming [aP growth. The first delay is intended to
minimize t 1e presence of an excess In species on the
sample surface prior to the As exposure, and the sec-
ond, to mirimize the an excess of unreacted As species
on the sample surface after As exposure. Both species
may incorporate on the subsequent growth steps, pro-
ducing an tiffective amount of InAs. The PL emission
from the semple following this special As exposure is
presented in Fig. 5(b). This procedure was performed
at 520 C, the same temperature as tlie standard As ex-
posure sample presented in Fig. 5(a). We observe an
energy shift. of the PL peaks to higher energies, con-
sistent witk a decrease of the average InAs thickness.
SIMS meas:arements support this result, giving 0.9 ML
to the InAs layer grown on singular substrate and 1.8
ML for tlie vicinal one. Since we minimized the ex-
cess unreacied species on the sample surface, tliis value
should reflect the effective As-P exchange effect. Were-
mark tliat the number of P peaks decreases with the
introduction of the growth delays, inclicating that they
are also effective to eliminate the formation of macror-
oughness. Finally, the effect of enhanced Asincorpora-
tion on vici 1al substrate as compared to singular ones
is still observed, indicating that the presence of step
edges assists the As-P exchange.

To investigate the chemistry surface effect we have
grown samboles where an AlP layer, nominal one-
monolayer thick, was added prior to the As exposure.
PL spectra rom these samples are shown in Figs. 5(c)
and 5(d). The choice of an Al-rich surface is based on
previous results that have shown an effective stabiliza-
tion of P- compound interfaces using this element[5],
This can be understood on the basis of a stronger AlP-
chemical bound as compared to the InP, wliich is re-
flected on a higher congruent evaporation temperature
of AIP (> 700 C) as compared to the InP (360 C)[13],
The sample presented in Fig. 5(c) corresponds to the

standard 8 sec. As exposure of the AIP surface at 520
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C, with no growth halt delays. We have not performed
SIMS measurements for this sample, but its PL emis-
sion shows a energy shift to higher energies as compared
to the standard InP exposure sample (Fig. 5(a)), in-
dicating a decrease of the total As incorporation, as
expected. The presence of the stronger AlP bounds
at thc exposed surface also seems to be very effective
on reducing the InAs clustering, since the PL emission
from thissample is asinglet in contrast to the multiple

emission peaks obtained for the InP exposure at similar

conditions.
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Figure 5: Low temperature PL for InP/InAs QWs obtained
by exposure to As2 for 8 sec at 520 C, using two differ-
ent substrate orientations: (100) and 2° off (100) toward
the [011] direction. (@) InP exposure with no growtli halts.
(b) InP exposure witli 10 sec. growtli halts with P, prior
to aud after, the As exposure. (c) AIP exposure with no
growtli halts (b) AIP exposure with 10 sec. growtli halts
witli P, prior to and after, the As exposure. Vertical lines
correspond to envelope function calculation for InAs QWs
witli integer number of monolayers. SIMS results give the
integrated number of InAs monolayers in the sample.
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Figure 6: Low temperatuse PL for an InP/InAs QW ob-
tained by exposing AIP to Asfor 8 sec., using 10 SEC. growth
halts witli P, prior to and after, the As exposure (dotted
ling), and for a reference sample consisting only of an InP
buffer layer (solid line).

Finally, Fig.5(d) shows tlie PL emission from AlP
exposures to As using 10 sec. growth halts with P, prior
to and after, the As exposure. As discussed before, tlie
growth delays are expcctecl to minimize the effcct of
InAs formation clue to unreacted species on tlie surface,
so that, in tliis case, we can directly compare the As-
P exchange on AIP (Fig. 5(d)) and InP (Fig.5(b)).
The observed PL emission shift shows that the Al-rich
layer reduces tlie As-P excliange. SIRIS measurements
give an integrated 0.5 ML of InAs, which supports that
very little InAs is formed by As-P exchange on the AIP
surface. Tliisnon-zero value is however strong evidence
tliat some As is still present on these samples. The PL
spectrafor tliese special samples are markedly different
from our typical InAs QWs. The energy emission is
very close to the InP bandgap energy and the linewidth
isrelatively small (of the order of 10 meV). Fig. 6 shows
tlie comparison of the PL from one of these sample
with tlie PL spectra of a sample consisting only of an
InP buffer layer. It is remarkable that this less-than-

one-monolayer INAs layer is so efficient on collecting
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all the pliotogenerated carriers, since there is still no
measurable signal at the InP bandedge.

V. Conclusions

The PL emission from thin QWs is a useful tool
to qualitatively investigate semiconductor heterointer-
faces. Our PL measurements on thin InAs/InP QWs
presented multiple peaks corresponding to InAsislands
with non-iiiteger number of monolayers. We interpret
tliis result as evidence tliat tlie InP/InAs interfaces
present a superposition of micro and macroroughness
and tliat microroughness is not constant over all tlie
islands of a given sample.

SIMS results give the integrated content of As, or
tlie averaged number of InAs monolayers, on the sam-
ple. Tliis value agrees within the experimental error
with the nominal value of the INAs thickness as de-
duced from growth conditions. PL spectraon the other
hand reveal the distribution of incorporated As. We ob-
served tliat increasing the growth temperature sliglitly
decreases tlie As incorporation, but strongly increases
the macroroughness. Resides, tlie presence of step edges
on vicinal substrates slightly enhances As incorpora-
tion.

A consistent set of samples where the InP surface
was exposcd to As showed tliat InAs layers are fornied
by two effects: capture and posterior incorporation
of unreacted species, and actual As-P exchange. We
have also shown tliat an Al-rich surface maltes tlie P-
compound interface much more stable, reducing both

the Asincorporation and tlie InAs clustering.
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