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Cross-sectional scanning tunneling microscopy (XSTM)
has been used to study variations in the source gas switch-
ing sequences in lattice-matched InGaAs/InP heterostruc-
tures grown by chemical beam epitaxy. Using finite element
analysis, changes in well-barrier interface strain can be un-
derstood in terms of As/P exchange and As memory effect
in the growth chamber. Results from annealed samples indi-
cate a greater interdiffusion of group-V species than group-IIT
species.

I. INTRODUCTION

Ing 53Gag.a7As/InP quantum well (QW) structures
have applications in optoelectronic devices such as tran-
sistors [1] and photodetectors [2]. Though this material
system has been used successfully in devices for several
years there are still concerns regarding the material com-
position at the InP-on-InGaAs and InGaAs-on-InP inter-
faces. Typically, both the group III and group V species
compositions will change when going across a QW-barrier
interface, allowing the possibility of significant strain de-
velopement if any mixing occurs. This can result in a
modification of optical emission energies, and the devel-
opement of roughness that can lead to relaxation and
broadening of photoluminescence (PL) spectra. These
deviations from ideality may adversely affect the optical
and electronic properties of the heterostructures [3].

In chemical beam epitaxy (CBE) of InGaAs het-
erostructures, interface composition may be adjusted by
changing parameters in the group III and group V source
gas switching sequence. For instance, to achieve accept-
ably abrupt QW interfaces, it is necessary to include
a growth interrupt when changing from well to barrier
growth and vice versa.

Earlier studies of these effects used indirect measure-
ments of the interfaces, such as PL [9], and high reso-
lution X-ray diffraction [4] to investigate and optimize
the switching sequences used to grow InGaAs/InP het-
erostructures. Cross-sectional scanning tunneling mi-
croscopy (XSTM) has not often been used for such stud-
ies [5]. In this paper we are able to use XSTM to observe

the effect of the gas switching sequence on the interface
structure of a set of InGaAs/InP QWs grown in a single
run, so all of the changes observed can be attributed to
the switching sequences used. This allows us to make
direct measurements of the strain in the layers on a mi-
croscopic scale and to separate effects at each interface.

In this work Ings3Gag.47As QWs were grown using
four different gas switching sequences. Following previ-
ous XSTM work, we interpret contrast variations in topo-
graphic images in terms of strain relaxation of the cleaved
surfaces. In each of the switching sequences, As/P ex-
change appears to be the dominant mechanism at the
interfaces. As-to-P exchange causes the InGaAs-on-InP
interface to be compressively strained and P-to-As ex-
change causes the InP-on-InGaAs interface to be under
tensile strain. The amounts of tensile and compressive
strain vary depending on the parameters used for each
gas switching sequence.

II. EXPERIMENT

The wafers studied here were grown via chemical
beam epitaxy on [001]-oriented S-doped InP substrates
in a RIBER CBE 32P reactor at 510°C. The group 111
sources, TEGa and TMI were introduced into the cham-
ber without carrier gas through a fast switching low tem-
perature injector. The group V sources were pure AsHs
and PH3 and were cracked at 850°C in a fast switching
high temperature injector to produce predominantly As,
and P,. Both cells gave switching transients significantly
less than 1 second. The grown layers were doped n-type
with silicon to a concentration of 2 x 10'® cm~3 using
SiBI‘4.

The heterostructure consisted of a 100 nm thick layer
of lattice matched InGaAs grown on an InP buffer, fol-
lowed by a stack of ten 8 nm thick Ing 53Gag.a7As QWs,
separated by 16 nm InP barriers and capped with InP.
The InP was grown at a rate of 0.64 ym/hour, and the
InGaAs at 1 gm/hour. Four different gas switching se-
quences (A, B, C, D) were used to grow sets of quantum
wells, as listed in Table 1.

Sequence A is our conventional gas switching proce-
dure. Barrier (or well) growth is terminated with a 10
s purge of the group III elements to smooth the surface
followed by a 5 s purge of the group V element to com-
pletely remove any residual group V species from the



growth chamber. The group V species for the next layer
was then introduced, followed 1 s later by the group III
elements to start the growth of the next layer. The se-
quences used on both sides of the QWs were symmetrical.

Sequence B was used by Rongen et al. [6] where they
predict an optimum and symmetric interface. In this se-
quence the InP surface is allowed to smooth for 2 s, the
group V species are then simultaneously swapped and 1 s
later the TMI and TEGa introduced. At the other inter-
face the InGaAs was smoothed for 2 s before the group
V species are simultaneously swapped and the TMI in-
troduced. This was predicted [6] to result in 1 monolayer
(ML) of InAsgsPo.5 at both InP/InGaAs interfaces of
the QW.

Sequence C is taken from Ref. [7] where it was op-
timized for the growth of high quality multi-QWs. The
switching sequence when going from InP to InGaAs is the
same as in sequence B, but with a 5 s smoothing time,
so the result at the InGaAs-on InP interface should be
very similar. The other interface is somewhat different,
with a 10 s smoothing time followed by the exposure of
the InGaAs surface to PH3 for 10 s before introducing
the TMI to grow the InP barrier. The purpose of this
PHj3 soak was to avoid As incorporation in the barrier
material.

The final sequence, D, is very similar to sequence A but
with the group III species introduced 1 s before, not after,
the introduction of the new group V species. This was
shown to reduce the effects of As/P exchange at the QW
interfaces [9,10] when grown by gas source MBE. Details
of the switching sequences are summarized in Fig. 1.

In addition to varying the switching sequence, portions
of the wafers were annealed (800°C, 120 sec, Ny ambient,
InP proximity cap) in a conventional tube furnace. An-
neal parameters were chosen to promote significant in-
terdiffusion between the barriers and the quantum wells.

Cross-sectional STM measurements were performed
in an ultrahigh vacuum chamber with a base pressure
< 5 x 107! torr. Tungsten probe tips were electro-
chemically etched and cleaned via electron bombard-
ment. Samples were cleaved in situ to expose (110) sur-
faces. STM images were acquired with a constant tunnel
current of 0.1 nA at sample biases in the range of 1.5
to 2.5 volts. Several different probe tips were used for
as-grown and annealed samples.

ITII. RESULTS AND DISCUSSION

Figure 1 shows an STM image of part of the as-grown
QW stack. This is an empty-state image so only atoms
on the group III sublattice are imaged. The wells appear
as mottled stripes while InP barriers appear as broader
homogeneous bands. The mottling in the wells is due
to compositional fluctuations in the InGaAs alloy. The
letter denoting the particular growth switching sequence
used for each well is displayed beneath the correspond-

ing alloy layer. The growth direction in every image dis-
played in this paper is from right to left. There are several
defects scattered over the image (isolated dark or bright
1-2 nm size features). Most of these are likely due to
residual gas contamination from the UHV system, how-
ever, a few are probably Si dopant atoms. The plot below
the image shows the line scan average of the image. Peaks
are seen at the InGaAs-on-InP interfaces and troughs at
the InP-on-InGaAs interfaces. An atomic step occurs at
the extreme left edge of the surface area. Examination
of the average line scan shows that the entire QW stack
appear to bulge out of the surface by a few tenths of an
angstrom.

It was shown in Refs. [16-18] that in empty-state im-
ages of In,Gay_xAs,P{_, surfaces, tip height changes
due to strain relaxation effects contribute more to the
STM image than do variations in sample electronic struc-
ture (the latter have magnitude typically S 0.1 A).
Therefore, changes in tip height at barrier-well interfaces
can be attributed mainly to strain effects.

Finite element analysis (FEA) can therefore be used to
deduce information on the chemical composition of the
heterostructure layers. In this method, one assumes some
composition profile throughout the heterostructure, thus
producing a strain profile in the heterostructure. One
then introduces a free surface (i.e. the cleavage surface),
and using FEA one computes the displacement of this
surface as a function of position through the heterostruc-
ture. Comparison with the experimental results is then
used to refine the assumed compositional profile.

The FEA computer code used here was developed
specifically for this application, following standard algo-
rithms [8], and includes the full anisotropic elastic prop-
erties of the cubic semiconductors. Comparison with
commerically available packages (Algor) have been make
to ensure the accuracy of the code.

From Fig. 1 it can be seen that each switching se-
quence has produced a compressively strained layer at the
InGaAs-on-InP interface and a tensilely strained layer at
the InP-on-InGaAs interface. The background bowing in
Fig. 1 suggests that the entire heterostructure is under
compressive strain, probably due a small As background
in the InP barriers caused by As carry over from the
QWs. X-ray diffraction measurements also indicate a
small average compressive strain for the heterostructure.

To understand the effects of the switching sequences
used at the QW interfaces, average line scans of the
XSTM images were fitted using the finite element model.
Line scans are shown in Fig. 2 together with the fitted
interface profiles. Four line scans were chosen for each
QW set to indicate the degree of variation observed in
the images. The fitting parameters were generated as-
suming that the dominant mechanism for the generation
of strain at the interfaces was As/P exchange, and are
given in Table II. Other mechanisms are discussed later
in the paper. The thickness used for the interface layers
are somewhat arbitrary, and were chosen to be 5 A to fit
the 2.5 A grid used for the finite element calculation.



Figure 3 shows a summary plot of the average tip
displacements over the interfaces. Positive displace-
ments for measurements taken over the InGaAs/InP in-
terfaces and negative displacements for measurements
over InP/InGaAs interfaces. Uncertainty is calculated
using the error on the mean.

Two characteristic features are always observed in the
QWs investigated here, a peak in the surface height at
the InGaAs-on-InP interface, and a dip at the InP-on-
InGaAs interface. It is the magnitude of these features
that vary considerably between switching sequences. We
will start by looking at the InGaAs-on-InP interface. In
all cases the InP surface is first smoothed using a growth
interruption in a phosphorus atmosphere. The length of
this smoothing time is not expected to affect the STM
images; it determines interface roughness on the mono-
layer scale. If this is true then sequences B and D should
be equivalent, whereas sequences A and C highlight phos-
phorus memory effects and As/P exchange effects respec-
tively. Sequences A, B, and C can all be fitted using the
same 0.5 nm InAsg ¢5Po.35 interface layer, which means
that the 5 s purge of the phosphorus for sequence A has
no apparent effect in increasing the degree of As/P ex-
change or phosphorus carry over into the InGaAs QW.
This result means that there are no memory effects for
phosphorus in our growth system, or that the time scale
to observe these effects is considerably longer than the 5
s purge time used here. Rongen et al. [6] had suggested
a single monolayer of InAsy 5Pq.5 at this interface, about
half of what is observed here. The amount of As/P ex-
change is dependent upon the growth conditions used,
e.g. growth temperature and group V flux, and could
explain the difference. We had observed less As/P ex-
change in an earlier sample [17] grown under different
growth conditions using a slower switching group III gas
injector. Sequence D requires a slight reduction in the
amount of As/P exchange to obtain a good fit, as sug-
gested by earlier work [9]. The presence of the group III
species on the surface have reduced the As/P exchange
process, but only to a small degree, and the As is still
able to exchange with P through this layer.

Greater differences are observed in the behaviour of
the InP-on-InGaAs interface when changing the switch-
ing sequences. Sequence A can be fitted by a tensile
0.5 nm Ing 530Gag.463A80.6P0.4 layer due to the expo-
sure of the InGaAs to phosphorus for 1 s before grow-
ing the InP. The tensile layer observed for sequence B,
Ing 532 Gag.46sAs0.7Po.3, has less phosphorus than with
sequence A since the phosphorus and indium are in-
troduced simultaneously. The presence of this tensile
layer in sequence B clearly disagrees with the assump-
tions made by Rongen et al. [6] where they assume that
the As/P substitution can be ignored. Sequence C was
specifically developed to avoid As incorporation into the
InP barrier material (discussed later in this paper) [7].
The long exposure of the InGaAs leads to considerable
As/P exchange, and the formation of a highly strained
0.5 nm Ing 530Gag.463As0.2Po.s layer. Sequence D results

in the smallest degree of As/P exchange due to the de-
position of the indium layer before the phosphorus, as
expected.

Carry over of arsenic into the InP barriers following the
growth of InGaAs has been observed using a number of
growth techniques [7,11,12,16]. This has been attributed
to two effects, a growth chamber memory effect where
residual As remains in the chamber after growing As con-
taining layers, and segregation of As from the InGaAs
layer. The excess As in the InP barrier results in a com-
pressively strained layer that decays in As composition
away from the QW. Switching sequences A and C show
no strong evidence for As carry over, whilst sequences B
and D fit better with a carry over effect. This can be un-
derstood from the switching sequences used if the excess
As is agsumed to be due to segregation. Sequences A and
C both expose the InGaAs surface to a phosphorus flux
before growing the InP barrier, which then removes any
excess As from the surface. The interesting comparison
is between sequences A and D where the As is switched
out of the chamber for 6 and 5 s respectively before the
group III species is introduced. In this case any mem-
ory effect of the growth chamber would be expected to
be the same, so any resulting As tail would be the same,
but these two samples are quite different. This result
means that the As must be coming from the sample it-
self for sequence D, and the way that the InGaAs surface
is treated clearly modifies the As carry over. Consistent
with the suggestion of Rigo et al. [7], the long phosphorus
soak used here reduced the amount of As carry over.

In all of the above discussion the mechanism for the
formation of compressive and tensile spikes at the inter-
faces has been assumed to be As/P exchange. However,
it is also possible to invoke exchange of the group III
species. The main mechanism for this exchange would
be In segregation. Indium segregation would produce an
InGaAs QW where the leading edge is In rich, resulting
in a region of compressive strain when switching from
InP to InGaAs. At the other interface In segregation is
meaningless, but Ga segregation would lead to a tensile
layer. Studies into In surface segregation during CBE
growth [13,14] indicate that a monolayer of In floats on
top of an InGaAs or InGaP layer, and that the compo-
sition of the ternary does not reach equilibrium until a
full monolayer of In is reached. Adding a monolayer of
InP on GaAs achieved the suitable amount of floating
In when growing InGaP on InP [13]. This result means
that growing InGaAs on InP (as is the case for our sam-
ple) would result in a uniform InGaAs composition and
no compressive spike at the InGaAs on InP interface,
consistent with the conclusions of Landesman et al. [14].
They also did not find strong evidence for Ga segregation
into the InP barrier material, although it is not possible
to completely rule this out based on our measurements.
It is clear that the As/P exchange process does occur at
the InP-on-InGaAs interface from the measurements of
the QWs grown with sequence C. Possible Ga segregation
effects could be masked by the As/P exchange, but nei-



ther In or Ga segregation effects are required to explain
our results in this paper.

Sequence D is nominally the same as that used in a
previous study [17] where we were using an older group
ITT gas injector that showed considerably longer switch-
ing transients. The group III species were also introduced
into the chamber using Hs as a carrier gas. It is inter-
esting to note that the line scans from that earlier work
differ in two noticeable respects from those of sequence
D in this work. Firstly the compressive layer peak at the
InGaAs-on-InP interface was substantially lower in that
work (= 0.15 A compared to = 0.25 A). Secondly, we ob-
served a small dip before this peak due to a tensile layer.
In the earlier work it was suggested that this could be due
to the formation of an InGaP or InGaAsP layer when the
InP surface was exposed to the In and Ga flux for the 1
s before the introduction of As. It should be noted that
adding a tensile layer of the type included in that work
next to the more compressive layers of sequence D leads
to only small changes in the calculated surface profile,
and a dip is not evident. It is thus not possible to state
whether there is a tensile layer formed at the InGaAs
on InP interface for sequence D, but it should be noted
that the temporal behaviour of the group III fluxes would
be expected to be significantly different between the two
growths.

We now turn to discuss results from the annealed sam-
ple. Figure 4 shows an empty-state image of the QW
stack. The line-scan average tip height is displayed be-
low the image. From the image and the average line
scan, it is apparent that annealing has had a pronounced
effect on strain at the interfaces and within the QWs
themselves. The InP-on-InGaAs interfaces for switch-
ing sequences A, B, and D now show compressive strain
instead of the tensile strain seen in the as-grown het-
erostructure. Also, the mid-points of these wells is now
depressed. The apparent well widths have broadened by
over 50% compared to the as-grown wells, though the in-
creased width for the C wells is less than this. The obser-
vation of compressive strain at the interfaces and tensile
strain in the wells is consistent with previous results from
P ion-implanted QW heterostructures [17] in which the
implantation occurs above the QWs. Data from the cur-
rent work and Ref. [17] are consistent with As diffusing
out of the well while P diffuses into the well. We can con-
clude that atoms from the group V sublattice interdiffuse
more than atoms from the group III sublattice since we
would see the opposite (or little) strain effects if group
ITT interdiffusion was as great or greater than group V
interdiffusion. This interpretation is consistent with the
XRD results from Ryu et al. [19].

The upper interface for the type C wells still appears
to be under tensile strain, though the magnitude of the
dip at this interface has decreased. It may be that the
strained Ing 530Gag.463AS0.7Po.3 layer that was present at
this interface from the original growth has reduced As/P
interdiffusion during the anneal.

IV. SUMMARY

A lattice-matched InGaAs/InP heterostructure was
grown using four different gas-switching sequences. The
heterostructure was characterized using XSTM and the
results interpreted in terms of strain relaxation of the
cleaved surface. Irrespective of the particular switching
sequence, we find the InGaAs-on-InP interfaces are com-
pressively strained and the InP-on-InGaAs interfaces are
under tension. The compressive strain at the InGaAs-
on-InP interface is likely due to As/P exchange during
the growth interrupt. Varying the P soak times had lit-
tle effect on the overall strain for sequences A, B, and C.
The presence of group III elements on the surface before
exposure to As is found to As/P exchange in the wells
grown with sequence D.

Increased variation in the amount of tensile strain at
the InP-on-InGaAs interfaces can be understood in terms
of changes in the amount of time allowed for As/P ex-
change and As memory effect in the chamber. during
growth.

The affects of thermal annealing are consistent with
earlier XSTM results from ion-implanted multiple QW
structures and with XRD results on annealed het-
erostructures from other workers [19]. We note that As/P
interdiffusion appears to have been inhibited at InP-on-
InGaAs interfaces grown with sequence C.
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FIG. 1. Empty-state STM image of several of the as-grown
quantum wells (top). The wells appear as mottled bands.
Each well is labelled with the particular gas switching se-
quence used during growth. The grey-scale range is 1.0 A
and the sample bias voltage was +1.5 V. Line scan average of
the STM image (bottom)

FIG. 2. Representative average line scans from each switch-
ing sequence. The theory profiles were calculated from the
finite element model.

FIG. 3. Average maximum tip displacements over the
InGaAs-on-InP interfaces (positive values) and over the
InP-on-InGaAs interfaces (negative values).

FIG. 4. Empty-state STM image of the annealed quantum
wells (top). The Each well is labelled with the particular
gas switching sequence used during growth. The grey-scale
range is 0.8 A and the sample bias voltage was +2.0 V.
Line scan average of the STM image (bottom). The strain
at the InP-on-InGaAs interfaces for sequences A, B, and D
has become compressive compared to the tensile strain in the
as-grown quantum wells. The strain for sequence C has re-
mained tensile.

Table I. Details of growth switching sequences A, B, C,

and D. The direction of growth is from top to bottom.
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Table II. Interface composition profiles used for finite

element analysis.
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