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Abstract. This paper reports polarization and temperature dependent contactless
electroreflectance (CER) and photoluminescence (PL) study of strain compensated short
period(GaP,(InP), superlattices on GaAs(001) substrates which show self-organized lateral
composition modulation (LCM) in the form of alternate In/Ga rich regions along the [110]
direction in the (001) plane. The LCM related PL peak position is at a lower energy as
compared to the corresponding feature in the CER spectrum and the difference is found to be
the same as the activation energy for thermal quenching of the PL signal. These results have
been explained by suggesting that the PL signal arises mainly from recombination of carriers
localized at potential fluctuations (In rich regions with excessively high In concentration)
within the lateral superlattice (LS) structure that is formed due to the LCM while the CER
feature arises from transitions between the minibands of the average LS structure. The PL
signal is quenched due to thermal excitation of the carriers from these excessively In rich
regions into the minibands. The LS band gap energy is accurately determined and its
implication for the random alloy model used to describe the electronic band structure of such
systems is discussed. The temperature dependences of critical point energies have also been
measured and analysed.

1. Introduction (typically ~10% to 20% excess concentration over average)
are nearly the same in most material systems where such a
Self-organized semiconductor quantum wires and superlat-phenomenon is observed [1].
tices have received considerable attention due to their novel The most dramatic effect of LCM is seenin the electronic
physical properties and scope for device applications [1]. In band structure of these samples. A large shift of the
this context(GaP, (InP),, strain compensated short period photoluminescence (PL) peak position to lower energy has
vertical superlattices (VSs) grown on GaAs(001) substratespeen observed in these samples and has been explained by
are of interest since in these samples, depending on thesyggesting that LCM leads to the formation of a lateral
individual InP and GaP monolayer numbers /), there  syperlattice (LS) and the PL signal arises from carrier
occurs lateral composition modulation (LCM) resultinginthe  recombination in the In rich low energy well regions of the
formation of alternate lamellae of Ga rich and In rich regions | s, Strongly polarization sensitive optical properties have
parallel to the 110] direction in the (001) plane. Evidence giso been reported and put forth as evidence for LCM [4-6].
for LCM has been obtained from transmission electron mi- A theoretical model which considers the Ga and the In
croscopy (TEM) and energy dispersive x-ray analysis (EDX) rich regions as coherently strained random i8a. P alloys
measurements [2]. It has been proposed that the proces$zs heen used to describe the electronic band structure of
leading to the lateral composition modulation is initiated hese materials. However the transition energies obtained
by strongly anisotropic diffusion of the group Ill atoms on 5 the basis of this random alloy model do not match
GaAs(001) surface and thereafter sustained by strain induceqpe experimental values based on PL measurements [5].
nucleation of excess adatoms [3]. However the detailed na-|, this paper through a combination of polarization and
ture of this strain induced lateral ordering mechanism still omperature dependent contactless electroreflectance (CER)
remains unresolyed as it cannot explain why the wa\(elength and PL measurements we probe the origins and the decay
of the LCM (typically ~-100 to 400 A) and its amplitude pathway of the luminescence signals from these samples and
§ Present address: Physics Department, University of Surrey, Guildford discuss them in relation to the proposed random alloy model.
GU2 5XH, UK. Thereafter we present and analyse some interesting data on
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the temperature dependence of the transition energy of the

LCM related feature in the CER spectrum of these samples.

2. Experiment

Using gas source molecular beam epitaxy we have grown
several samples with different GaP/InP monolayer numbers
and on differently oriented GaAs substrates [7,8]. From
amongst them the present study concentrates on the sampl
where LCM shows up most prominently and for which
theoretical calculations based on the random alloy model
exist in the literature. The sample structure is shown
schematically in figure H). It consists of a~0.3 um
thick (GaP.(InP), short period vertical superlattice (VS)
grown on an fi GaAs(001) substrate with a non-intentionally
doped GaAs buffer in between. The TEM picture of the
sample surface in figure A shows alternating wire-like
bright and dark patches oriented along thé(] direction.
The cross-sectional TEM pictures (not shown here) of the
(110) plane indicate that these patches extend vertically in
the [001] direction. A higher resolution scanning tunnelling
microscope (STM) picture of the surface shown in figui® 1(
reveals that these patches have an average thickre69d.
Detailed STM studies on these samples reported earlier [8]
showed that the the dark regions were Ga rich while the
bright regions were In rich. EDX measurements performed
on similar samples [5] have shown that the In rich regions
have an average In concentration ®60%, while in the
In deficient regions the average In concentration-#)%.
These structural characteristics of our sample are identical to
those reported by Pearahal [5].

In the PL experiments the excitation source was either
a 2 mW He-Ne laser (632.8 nm) or a 20 mW™*Aion
laser (488 nm).
photomultiplier tube after it was dispersed by #81m
monochromator with 1 nm band pass. The sample was
cooled using a closed cycle helium refrigerator. In the

CER [9] measurements, the sample was placed between

two electrodes in a capacitor-like arrangement with the top
electrode kept<0.3 mm from the sample surface. A 1 kV

(r.m.s.) sinusoidal voltage was applied on the top transparent

electrode to modulate the sample’s surface electric field.
The probe beam was obtained by dispersing light from a
150 W QTH lamp using a/8 m monochromator with-4 nm
bandpass and detected using a silicon photodetector.
all cases a broad band polymer film polarizer was used to
polarize the incident light and to analyse the polarization
characteristics of the output light. In each case the
polarization dependence of the monochromator’'s grating
response was separately measured and corrected for.

3. Results and discussion

3.1. Origins of CER and PL signals

Figure 2@) shows the PL spectrum of the sampl® & with
an unpolarized He—Ne laser as the excitation source. The

dashed line represents the component of the PL spectrunmare identical.

with the electric vector parallel to thd 10] direction and
the dotted line that along [110]. The peak around 1.51 eV
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Figure 1. (a) Schematic of the sample structurb) TEM picture
of the sample surfacec)Higher resolution STM picture of the
sample surface.

is due to the GaAs buffer and substrate. This feature has
negligible polarization dependence since for a crystal with

zinc blende symmetry the two direction$1D] and [110]

In contrast the next peak around 1.68 eV

shows a strong polarization dependence; the peak height
being reduced by a factor af7 for the component along
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[110] as compared to the component alohty]]. Figure 2) 3.0 [T T T e
shows the CER spectrum of the sample at 9 K. In plot (i) the a) RRRARR RAASNRAARN ARRAR R
polarization of the incident probe beam is parallel to )]
direction. The features in this spectrum between 1.5 and 2.5
1.6 eV are Franz—Keldysh oscillations (FKO) arising from
the buffer/substrate GaAs layers. We shall refer to the feature
between 1.65 and 1.8 eV as Al and that between 1.85 and
1.9 eV as B. In plot (ii) the polarization of the incident probe
beam is parallelto [110]. In this spectrum the GaAs FKO and
the feature B show negligible change. However, the feature
A1, seen earlier with thelfl0] polarized light between 1.65
and 1.8 eV, is no longer present and in its place there is a 4 / \
weak and much broader feature which we shall refer to as £y / \
A2. To estimate the transition energies we fitted to these | \
spectral features the lineshape function given by 3 E. 1[110]
n 0.0 L s uﬁfi'l L }'w-r-tmwitu:m.u@m‘
AR/R =) Rela; exp(if;)/(E — Eq; +il'/)"] 5 " b) i Al[- Eprobd110] .
j=1 L x10 !

i=+v-1 1) / \\\f/\,/\
whereEy;, T, 0; anda; are the transition energy, broadening
parameter, phase factor and amplitude respectively,
associated with theth transition. The above equation
with m = 3, which mimics the case of a first derivative
Gaussian broadened lineshape function [10], fits our data [
bestindicating inhomogenous broadening of the critical point r
energies in these samples. The fitted curves are shown by the r
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dash—double dot lines in figurel( The values oy andl" -15 i 9K - CER spectrum
forAlwerefoundtobe1.728evand47mevwhllethosefor \\\\‘\\\\\"\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\
feature B were found to be 1.877 eV and 21 meV respectively. 1.5 1.6 1.7 1.8 1.9
Although the presence of the feature A2 for light polarized Energy (eV)

along [110] is unambiguous, its weak strength as compared
to the background causes the parameter values obtained b¥,ample polarized alond 10] (dashed line) and along [110] (dotted

lineshape fitting to be unreliable. line). The excitation source (pump) was an unpolarized He—Ne
By comparison with the work of Armellest al [11] laser (632.8 nm). The inset shows a logarithmic plot of the PL
on(GaP, (InP),, superlattices, the polarization independent signal (consisting of both the [110] anil[0] polarized
CER feature B and the associated weak PL feature atCO{npongntagtﬁ?iinfod] W(g)h é‘ A‘;ontllaser (|48? nm?l putmp beam
. . ) g, olarized at 45to . ontactless electroreflectance
~1.86 e\_/ (in the inset of figure 2f) are easily 'dem_lfled gpectrum of the sample fot £0] and [110] polarizations of the
as the signatures of th&aP(InP); VS. The polarized  jncigent probe beam. The plots are vertically shifted for clarity.
PL signal has previously been identified as arising due to The dash—double dot lines represent fits to equation (1).
carrier recombination in the In rich low energy well regions

of the LS formed as result of the composition modulation

[5]. The presence of S|gnat_u_res of bOth. th? VS anql the no preferred; direction, therefore no optical anisotropy is
LS suggests that the composition modulation is not uniform . . .
observed. However quantum confinement in superlattices

tljroughoutthc_e s_amplel.e.thg self-organization process glvesand quantum wells splits the hh and the Ih states while
fise to two distinct phases in the sample, one where thethe confinement direction defines thalirection [12]. So
lateral composition modulation predominates (LS) and one it liaht is incident i h that it b .I ed
where the original structure is relatively undisturbed (VS). Ib Lg . IfthII en |r; ta;]way ”SUCd atl c;n Ie fo ,‘?”tzrf
Pearahet al [5] explained the polarization dependence of 2°M N the piane of the well and perpendicuiar o 1t, then
the PL originating in the LS on the basis of strains in the the relative |ntensmes of various I|n_es in the spectrum can
Galln rich regions. Recently Ghoshal [6] have suggested change depending on the polarization [13]. In the present

another possible explanation for the polarization anisotropy case quantum confinement in the LS lifts the dege_neracy
of the CER feature A1l that is associated with the LCM Petween the |h and the hh states and the LS potential also

in the sample which briefly is as follows. At the valence 9defines the preferregl direction as [110]. Therefore an hh
band edge of the Ill-V semiconductors with zinc blende transitioninthe LS would notbe excited for light polarization
structure, the cell periodic parts of the heavy hole (hh) and 20ng [110], the direction perpendicular to the LS planes,
the light hole (Ih) wavefunctions can be described using the While it would be excited for light polarized alond 10],

p., P, and p atomic orbitals. The hh wavefunction does whichliesinthe LS planes. Thisis exactly howthe feature Al
not have a pcomponent so that light polarized parallel to Pehaves and therefore was identified as arising from the
% cannot excite an hh transition although it can excite an lowest hh transition in the LS. The weak feature A2 was
Ih transition. Under normal conditions the hh and the |h identified as being associated with a Ih transition as it is

Figure 2. (a) Photoluminescence (PL) output signal from the

states are degenerate at the valence band edge and there is
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present even when the incident polarization is along [110]
i.e. thez direction. The transition matrix elements which
determine the polarization selection rules being the same for
both the emission and the absorption processes, the PL outpu
originating mainly from hh recombinations is expected to be
strongly polarized alondi[L0] which is what we observe. A
signature of the LS barrier is not seen in the CER spectrum
most likely because in a superlattice, the barrier band gap
does not correspond to a particularly large change in the joint
density of states [12]. Also the identification of the feature
B in CER as being the signature of tli&aP,(InP), VS
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phase explains its relative polarization insensitivity because 0 2 4100 / -f:’ (K1) 8 10 12
for this structure both the [110] an@l10] polarizations lie in
the plane of the VS. (b) conduction band ﬁ z=[110}—>

From the point of view of the present study it is “ersr 1 P —
important to note that the LCM related PL peak position E 5 g
(1.68 eV) is lower than the corresponding CER transition —° - S el
energy (feature Al at 1.728 eV) by 48 meV. In order L 5 L eres miniband
to further study the PL process, we have investigated the @1 Qe [
temperature dependence of the total integrated PL output. ur N level
From figure 24) and the related discussion above, the total 1 5 L e hhi
PL output at 1.68 eV can be considered to be arising mainly I miniband
from hh recombinations. The open circles in figura)3tow
alogarithmic plot of the integrated PL output of our sample as - = = =
afunction ofinverse of temperature inthe range 9to 90 K. The valence band ECER-EPL=Qe* Cnh=Q
continuous line represents a fit to the data using the following
equation [14]: Figure 3. (a) The temperature dependence of the integrated

photoluminescence intensity. The circles are experimental points
I(T)pr = Io/[1+y exp(—Q/kgT)] 2 and the line is a fit to equation (2). The inset shows the

temperature dependence of the PL peak position (circles) which
where I(T)p; is the integrated PL intensity at a given deviates from the expected regular decrease with increase in

temperaturel’, Q the activation energy for PL quenching, temperature (dashed line) beyond 75 B. chematic showing the
Io the intensity at the lowest temperature andhas been origins of the CER and PL transitions. Seen in the figure are

;o d h . f th diati lifeti h potential fluctuations caused by variations in the In content of the
interpreted as td'et'ratll'? ? tfe ra 'f“‘t'vde Iet"']l:lf? tolt € well region as well as the minibands of the lateral superlattice.
minimum non-radiative life time for carrier decay. The values

of y and Q were found to be %, x 10* and 45+ 4 meV

respectively. This activation energy for thermal quenching do not encounter the defects in the rest of the crystal and

of PL is identical to (within error bars) the 48 meV energy S° thg probability of non-radiative recombination is reduced
difference observed between the PL peak position and theconsiderably. o _
CER transition energy associated with the LS. We suggest ~ 1aking aclue from the above findings we suggest that in
that this is not a coincidence and that it can be explained asthe present case the luminescence at low temperature arises
follows. due to the recombination of electron—hh pairs localized in
Before detailing our argument we note the following. SOMe excessively In rich regions (defects) within the LS
In the case of quantum wells (QW) it is found that the phase. These regions have more In than the average In
activation energy for PL quenching, as obtained from the concentration in the In rich wells of the LS and consequently
temperature dependence of the integrated PL intensity, islower energy as shown in figuret§( On the other hand
equal to the difference between the PL emission energy andthe CER transition energy Al corresponds to the hh band
the barrier band gap [15], indicating that the PL quenching 9ap of the average LS structure which is just the difference
mechanism involves simultaneous thermal emission of the between the lowest electron and the highest hh miniband
electron and the hole constituting the exciton into energy edges of the LS. The In excess low energy regions have
levels corresponding to the adjacent barriers from where high occupation probability at low temperatures so the PL
they can recombine either radiatively or non-radiatively, signal arises mainly from carriers recombining in these
the latter process being dominant more often. The barrier regions. On the other hand the minibands which lie at a
energy essentially represents a state to which carriers may béigher energy have lower occupation probabilities at low
thermally emitted and lost. Also recently it has been shown temperatures. Furthermore they being extended states, the
that the origin of luminescence and lasing from,Ga_, N carriers in these states encounter more defects so the non-
based structures, in spite of the high defect densities inradiative recombination rates are expected to be higher.
them, is due to the recombination of carriers localized in Therefore at low temperatures we see no PL peak at the
In rich (low energy) regions within these structures [16]. energy corresponding to the difference between the miniband
As a consequence of their localization in a small region edges. However as the temperature is raised, the carriers
(as opposed to their being in extended states) the carrierdocalized in the low energy regions are thermally excited
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Table 1. The fitted values of the parameters in equation (3) and (4) describing the temperature dependence of the transition energies of
features Al and B in the CER spectrum. The errors in the parameter values are from the fitting procedure. The fitted parameter values for a
random Galn,_, P alloy are also given for comparison.

\4 BE
EgO a X 104 ﬂ E Ac—phn Ephn

0
Structure (eV) (evVKYH (K (eg\/) (meV) (meV)
Ing 49Gay 51 P alloy 2009+ 0.001 84=+1 515+51  2007+0.001 64+2 23+1
Vertical superlattice B81+0.001 9+2 480+ 165 1878+0.001 67+7 22+2

Lateral superlattice ~.Z33+0.003 444+03 41+19 1731+£0.002 17+5 7+2

between the Inrich and the In deficient (Garich) regions, they
could not match the lowest calculated transition energy with
the PL peak atv1.68 eV. More recent calculations of Tang
et al[17] using a similar model estimate the strained In rich
well region of the LS to have a band gap of 1.802 eV at
- room temperature and the optical transition energy in the LS,
i when the effects of confinement and lowering of temperature
LS (A1inCER) ] are included, will reach~1.83 eV at 87 K. It is clear that
i the above model calculations cannot reproduce the 1.68 eV
T T T T T T PL emission observed by us and Peaealal. To explain
50 100 150 200 250 300 this discrepancy, Peara&hal originally made the suggestion
Temperature (K) that the PL spectrum was dominated by emission from
low energy regions resulting from inhomogeneities in the
Figure 4. Temperature dependence of the VS (feature B in the composition modulation. Our above observations prove that
CER spectra shown in figureldj transition energy (triangles) and  this is indeed true, i.e. the actual band gap is higher than the
the LS heavy hole (feature Al in figurel] transition energy PL peak position. However this difference as we have shown
(circles). The continuous lines are fits to the data using the above is just~46 meV, which still leaves an unaccounted
Bose—Einstein statistics based relation given in equation (4). . .
difference of~100 meV between the experiment and the
model calculation.
Thus our results suggest the need for an improved
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into the minibands resulting in the quenching of the PL

signal. Once in the minibands the carriers can recombine : . .
both radiatively as well as non-radiatively. In the former theore_t|cal moo!el to describe the_b_a}r}d structl_Jre of this
case it can lead to a shift of the PL peak to higher energiesmate”al' In th's_ _context the possibilities are (i) a much

as the temperature is raised. This phenomenon is mdeednlgherlncomposmon contrast{79%21%) [5] between the

observed in the present case. The inset in figuag Sfows well _and_the barrier regions, which however seems ur_1|ike|y
the temperature dependence of the PL peak position. It isCOnSidering the results of EDX measurements; (i) discard
evident that beyond 75 K the PL peak energy position shows the assumption that the In I’ICh. and the Ga.nch regions are
a clear deviation from its expected regular decrease (dashedlisordered Gan,_.Palloys andinstead consider the vertical
line) with increase in temperature. No PL signal could be superlattice structure remaining essentially intact albeit with
detected beyond 90 K. In CER, where upward transitions "edistribution of Ga and In in the group IIf planes forming a
are involved, the dominant factor determining the presence lateral superstructure of alternate GaridB&Pz+; (InP)-s)

of a spectral feature is the joint density of states (JDOS) @nd Inrich (GaP2_;(InP)2.s) regions. The latter would be
rather than the occupation probability. Since the JDOS structurallycloserto rea}llty as obsgrvedlnthe hlghresqlqtlon
corresponding to the average LS structure is expected to beross-sectional TEM pictures which show that the original
much larger than that for the fewer low energy regions due to vertical superlattice structure essentially remains intact with
excessive In concentration, in CER we see a signature of thethe InP layers being thicker in one region and the GaP layers
former and the not the latter. The above assignments explainb€ing thicker in the adjacent regions [1,2]. Moreover, the
why the difference between the PL peak energy and the CERVertical order can provide for the lowering of the energy scale
transition energy at low temperatures is equal to the activationrequired to match the results of PL and CER measurements
energy for thermal quenching of PL. We note that the potential Since at low temperatures, the band gap of(tBaP2(InP);
fluctuations within the LS such as an increase in the potential vertical superlattice (feature B in figuretd] as measured
well depth (excessively high In concentration) and also width by us is lower than that of the disordered i8Gays1P alloy
(broader Inrich regions) as shown in figur@ggtill preserve  (E; = 2 eV) by~125 meV.

the anisotropy introduced by the LS which explains why the

PL continues to be polarized. , ~ 3.2. Temperature dependence of transition energies
In order to theoretically estimate the optical transition
energies in the lateral superlattice Peagthl [5] originally Finally we present some interesting results on the temperature

used a model which considered the In rich and the Ga dependence of the critical point transition energies in this
rich regions to be disordered @a;_,P alloys coherently = sample as determined from CER measurements. These are
strained with respect to the GaAs substrate. However theyshown infigure 4, where the open circles correspond to the LS
found that by using an In composition contrast0%/40% (feature Alinfigure 2¢)) and triangles to the VS (feature Bin
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figure 2p)). The data were fitted with the popular empirical Finally we note that in figure 4 it appears that the
Varshini relation [18]: temperature coefficients of the transition energies are not very
different for the VS and the LS phases, a fact which is borne
E((T) = Ejo—aT?/[B+T] ) out by the relatively smaller difference in the fitted values of

«a for these two cases as shown in table 1. The reason for
and also the phenomenological relation based on Bose—this can be seen by expanding (in the high temperature limit)
Einstein statistics, proposed by Vietal [19]: the exponential term in equation (4), whereby it is easy to

BE show thate = ac_pmks/Epnn. As bothac_p,, and Epy,
E(T) = Egg — 2ac—phn/[€XP(Epnn/ksT) — 1] (4) are simultaneously reduced in the LS phase, their rafios(

N not drastically affected. A reduction in the carrier—phonon
wherea, B, Epun, ac—pin, Egg and Eg, are the fitting  jnteraction strength has important technological implications
parameters, the last two representing the transition energysince it can lead to reduction in the temperature coefficient
at the lowest temperature akgl is the Boltzmann constant. ¢ |aser emission wavelengths. However in the present
The values of the fitted parameters for the LS and the VS arecggse  although the carrier—phonon interaction strength seems
listed in table 1 along with those for bulkdmGay5:P alloy. reduced in the LS phase, the simultaneous lowering of

The principal factors determining the temperature the average phonon energy has resulted in a temperature

dependence of the critical point transition energies in a dgependence of the band gap which is not significantly smaller
semiconductor are carrier—phonon interactions and thermalthan that of bulk Gan,_,P alloys.

expansion, the former playing the dominant role [20]. In
general the parametet,;, is a measure of the average , -gnclusion
phonon energy and._,;, a measure of the carrier—phonon
coupling strength [10]. Manoogian and Woolly [21] have In summary we have presented results of detailed
shown that the parametet in the Varshini relation can  spectroscopic study of Ga—In—P based self-organized lateral
be related to the Debye temperature which is again a superlattices. The results have been explained by suggesting
measure of the average phonon energy. Carrier scatteringhat the luminescence from these samples originates from
via optical phonons being dominant in 1ll-V compounds, recombination of carriers localized at excessively In rich
E i is found to be closer to but less than the LO phonon regions within the lateral superlattice while the LCM related
energy in bulk samples. The continuous lines in figure 4 CER feature corresponds to transition between the minibands
represent fits to the data using equation (4). Approximate of the average lateral superlattice structure. These results
procedures have been adopted previously [22] to isolatesuggest that the random alloy model needs to be improved
the thermal expansion contribution and study the influence upon and possibilities in this regard have been discussed.
of carrier—phonon interactions alone. However since the The temperature dependence of the transition energy of
thermal expansion term is not the dominant factor in the the composition modulation related CER feature seems to
present temperature range, we did not try to subtract its provide additional evidence for the presence of a lateral
contribution to the band gap change before fitting the above superlattice in these samples.
equations. Also the values of the fitted parameter depend
somewhat on the temperature range over which the data isacknowledgment
fitted, therefore in the present case we shall make a relative
comparison ofthe parameters values rather than their absolutd he authors would like to thank Profesd¢ L Narsimhan
values. for many useful discussions.
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