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Temperature dependent photoluminescence (PL), room temperature phototransmittance (PT), contactless
electroreflectance (CER) and wavelength modulated surface photovoltage spectroscopy (WMSPS) meas-
urements are utilized to study the effects of growth interruption times, combined with Sb exposure of
GaAsSb/GaAs multiple quantum wells (MQWs) structures. The PL spectra show peak location red-
shifted, luminescence intensity increased and full width at half maximum narrowed with increasing inter-
ruption time. The features originated from different regions of the samples including interband transitions
of MQWs, interfaces and GaAs are observed and identified through a detailed comparison of the obtained
spectra and theoretical calculation. The anomalous temperature dependence of PL spectra has been attrib-
uted to the carrier localization effect resulted from the presence of Sb clusters and/or fluctuations in Sb
composition at the QW interfaces. An additional feature has also been observed below the GaAs region in
Sb exposure treated samples and the probable origin of this feature has been discussed.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

GaAsSb/GaAs quantum well (QW) structure system is of significant interest due to its potential applica-
tions in novel heterostructure devices. Particularly, its band alignment provides an excellent opportunity
to improve the performance of both heterojunction bipolar transistors [1] and optoelectronic devices [2—
4]. Recently, devices using this system have been successfully developed, such as the fabrication of
sources and detectors in long wavelength for fiber-optics communications [5], photodiodes [6], photo-
cathodes [7], light-emitting diodes [8], and vertical cavity surface emitting lasers [9]. Besides its techno-
logical potential, it also serves as a model system for investigating the atomic ordering and composi-
tional modulation expected in II[-V,—Vj alloys [10]. In spite of its importance, it is noticed that there
are some difficulties in growing high-quality samples [11, 12]. The specific difficulties in molecular
beam epitaxial growth (MBE) of this structure arise as less than unity sticking coefficients of group V
species complicates the precise composition control of GaAsSb layer and excess amount of As or Sb are
still present on the surface even after As or Sb fluxes are closed. This makes control of abrupt interfaces
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difficult due to incorporation of an uncommon group-V element, Sb. The atomic configuration of these
heterostructures at the interfaces can influence the optical and electronic properties of these devices due
to changes in the QW profile.

In the present study, the effects of the growth interruptions at interfaces combined with Sb exposure of
GaAsSb/GaAs multiple quantum well (MQWSs) structures have been characterized by temperature de-
pendent photoluminescence (PL), room temperature phototransmittance (PT), contactless electroreflec-
tance (CER), and wavelength modulated surface photovoltage spectroscopy (WMSPS). The PL spectra
show red-shifted peaks with increasing intensity and narrowed full width at half maximum (FWHM)
with increased of interruption time. The anomalous temperature dependence of PL spectra has been at-
tributed to the carrier localization effect resulting from the presence of Sb clusters or fluctuations in Sb
composition at the QW interfaces. An additional feature has also been observed below the GaAs region
in Sb exposure treated samples. The possible origin of the red-shifts and additional feature are discussed.

2 Experimental

The three GaAsSb/GaAs multiple quantum well (MQWs) samples employed in this study were grown on
semi-insulating GaAs(100) substrates using a VG V-80MKII molecular beam epitaxy (MBE). The Sb,
source was supplied using an EPI model 175 standard crackers K cell, and the As, source was supplied
from a Riber VAC 500 As valve cracker. The cracker zone temperature was 1050 °C, while the bulk
zone temperature was about 430 °C. The structure of MQWs contains a 500 nm GaAs buffer layer, five
periods of GaAsSb 6 nm/GaAs 34 nm. The growth of GaAsSb/GaAs MQWs proceeded as follows. Dur-
ing the growth, the cell shutter of Ga was kept open as long as necessary for the growth of the intended
thickness of individual layers, while Sb termination was provided at the well/barrier interfaces. The inter-
face exposure times were 10 and 30 s for samples II and III, respectively. In order to study the influence
of Sb treatments, a specimen (sample 1) was also grown without any interruption. The samples were
terminated with a 100 nm-thick GaAs cap layer and all the layers were unintentionally doped. The
growth conditions of these three samples were identical except for the Sb exposure times. The antimony
composition in the GaAsSb layers was determined to be 0.18, 0.20 and 0.21 for samples I, II and III,
respectively, by double crystal X-ray diffraction (DXRD) measurements.

PL excitation was produced by a 20 mW, 532 nm Nd-YAG green laser. Luminescence was analyzed
with a 0.35 m grating spectrometer and detected by an InGaAs detector using conventional lock-in detec-
tion. A CTI model 22 closed-cycle cryogenic refrigeration system equipped with a model 32B digital
temperature controller was used for temperature dependent measurements. The measurements were made
between 10 and 300 K with a temperature stability of 0.5 K or better. PT measurement was achieved
using an internally modulated 5 mW laser diode (670 nm) as the modulating source. The laser intensity
was reduced to about 1-10% of its initial value by using a neutral density filter. The probe beam was
incident through the front surface of the sample. A 150 W tungsten-halogen lamp filtered by a PTI
0.25 m monochromator provided the monochromatic light. The transmitted light was detected by an
InGaAs photodetector placed behind the sample, and the signal was recorded by a lock-in amplifier. The
dc output of the photodetector was maintained constant by a servo mechanism of variable neutral density
filter. For CER, an ac modulating voltage (~1 kV at 200 Hz) was applied between a front wire grid elec-
trode and a second electrode consisting of a metal plate [13]. These two electrodes were separated by an
insulating spacing which provided a very thin layer (0.1 mm) of air between the front surface of the sam-
ple and the front electrode. The configuration is nondestructive as there is no direct contact with the front
surface of the sample. The reflected light was detected by a silicon photodiode detector and an InGaAs
photodetector for the visible and near infrared region, respectively. For WMSPS, the derivative-like
surface photovoltage was measured between the sample and a reference metal grid electrode in a capaci-
tive manner as a function of the photon energy of the probe beam with a wavelength-modulation tech-
nique. The illumination system consisted of a 150 W quartz-halogen lamp and a grating monochromator
equipped with a vibrating exit slit operated by a power amplifier, employing a 2 inch loudspeaker as the
transducer. A beam splitter was placed in the path of the incident light. The intensity of this radiation
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was monitored by a pyroelectric detector and was kept a constant level of ~10~ W/cm? by a stepping
motor connected to a variable neutral density filter, which was also placed in the path of the incident
beam. The illumination intensity and the amplitude of wavelength modulation were experimentally se-
lected at levels not affecting the measured spectra; typically AA/A was on the order of 107, Precautions
have been taken to eliminate the spurious signals from light-intensity modulation. The normalized wave-
length-modulated derivative-like photovoltage spectrum on the metal grid was measured with a copper
plate as the ground electrode, using a buffer circuit and a lock-in amplifier.

3 Results and discussion

Figure 1 shows the PL spectra of GaAsSb/GaAs MQWs with Sb interface treatment at room tempera-
ture. As indicated in Fig. 1, compared to the sample grown without Sb treatment (sample I), samples II
and III have longer emission wavelength and stronger PL intensity. The increase of the Sb content in
MQWs may cause the ground transition energy red-shift in GaAsSb/GaAs MQWs and the results of the
stronger luminescence of PL feature might indicate a better quality of the MQWs structures with Sb
treatment.

Displayed in Fig. 2 is the temperature dependent peak position of PL spectra of samples I, 11, and III
in the temperature range from 10 to 300 K. The PL peak position shifts to lower energy between 10 and
25 K, and then increases between 25 and 50 K. At the temperature above 75 K, the peak position shifts
again to lower energy. This S-shape phenomenon of temperature dependent PL at low temperature re-
gion was also observed on dilute nitride compounds [14, 15]. This anomalous temperature dependence of
PL peak position can be explained in terms of the competition between the transfer dynamics of the lo-
calized carrier/excitions and thermalization effect [16, 17]. At low temperature the PL signal originates
from the localized excitons induced by the nonuniform distribution of Sb clusters. With increase of tem-
perature, some of the localized excitons may be thermally activated, and thus are mobile to some extent.
Consequently, the peak energy of the thermal equilibrium distribution of the localized excitons will in-
crease with increasing temperature and approach that of the delocalized excitons. This process can ex-
plain the blueshift of PL peak positions in the low temperature range. At still higher temperature, the PL
signals mainly originate from the delocalized states and the peak energy red-shifts with thermal shrink-
age of the energy gap of the well and barrier materials.

Figure 3 plots the FWHM of samples I, II, and III. The FWHMs of samples increase between 10 and
45 K, and then slightly decrease between 45 and 100 K. After 100 K the FWHMs increase with tempera-
ture. The anomalous behavior of FWHM can be explained in terms of competition between the localized
and delocalized states [18, 19]. The large FWHM of PL spectra results from the coexistence and compe-
tition between the localized and delocalized states. The localized states dominate on the low temperature
domain (<100 K) while the delocalized states dominate over the higher temperature domain.
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Fig.2 PL peak energies versus temperature of Fig.3 PL FWHM as a function of temperature on
GaAs, Sb/GaAs MQWs samples. GaAs, Sb/GaAs MQWs samples.

Figure 4 shows the schematic diagram of the band edges vs. growth direction for a compressively
strained GaAsSb/GaAs MQWs strucutre. In contrast to the type-1 semiconductor system, spatially sepa-
rated electrons and holes are easily realized in such a type-II system, in which electrons are confined in
the GaAs layer and holes are localized in the GaAsSb layer [11]. The indirect transitions due to the spa-
tially separated electrons and holes are restricted in a very narrow region near the interfaces.

Shown by the dashed lines in Fig. 5 are the PT spectra in the region of 1.05 to 1.35 eV at room tem-
perature from the three GaAsSb/GaAs MQWs samples. The solid lines in Fig. 5 are least squares fits to
the first-derivative Lorentzian lineshape (FDLL) function of the form [20, 21]

é?ﬂ%;Aﬁm@—L+fjﬂ (1)
where 4; and @, are the amplitude and phase of the line shape, E; and /; are the energy and broadening
parameters of the excitonic transitions, and the value of # depends on the origin of the transitions. For the
first derivative functional form, » =2 is appropriate for the bound states such as excitons [21, 22]. The
obtained interband energies are denoted by the letters A and B which correspond, respectively, to 11H

HH
t==" izzz'LH

GaAsSb GaAs GaAsShb

Fig. 4 Schematic diagram of the band edges vs. growth direction for a compressively strained
GaAsSb/GaAs MQWs structure, where the QW with the relevant HH (solid lines) and LH (dashed line)
transitions are indicated.
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Fig.5 PT spectra (dashed lines) from three Fig. 6 WMSPS spectra (dashed lines) from three
GaAs, ,Sb/GaAs samples taken at 300 K. The GaAs, Sb /GaAs samples taken at 300 K. The solid lines
solid lines are the least-squares fits to the FDLL are the least-squares fits to the FDLL line shape function.
line shape function. The obtained energy values The obtained energy values are denoted by arrows.

are denoted by arrows.

(first electron to first heavy-hole) and 12H (first electron to second heavy-hole), and their respective
locations are marked by arrows below the features and listed in Table 1. Obtained fundamental transition
(11H) energy values agree well with PL data presented in Fig. 1. It is clear that these two quantum-well
related features shift toward lower energies with the increase of the interruption time (Sb exposure time).
The observed energy red-shifts for Sb-treated samples can be understood to be due to increased band-
alignment sensitivity toward the heterointerface state of these structures. Interface grading modifies the
confining potential and involves complicated strain relief relaxation in the well. It has been demonstrated
that heterostructures for both group III and group V species differ in sublayers [22, 23], local strain is
present at the interfaces. This may lead to modifications of the band lineup due to the contribution of
interface dipoles formed by the bond length variations along heterointerfaces such as Ga—Sb or Ga—As.
The formation of the intermixed layers will further modify the actual band alignment through electrons
and holes confinements at the interfaces. Thus, the width and composition of the intermixed layers at the
interfaces will influence the position and the linewidth of the interband transition features of the PT spec-
tra. Compositional variations along the heterointerfaces as well as variations in size of the intermixed
areas may be responsible for the linewidth increase observed in the samples with the Sb-exposure treat-
ment.

Figure 6 shows the WMSPS spectra of the three samples at room temperature. The solid lines are the
least-squares fits to the FDLL function [20, 21]. Note that the spectra on the lower energy sides are
asymmetric. In order to have a reasonable fit of these regions two interband transitions are needed. The
obtained energies are designated by arrows. The fitted values are summarized in Table 1. The transition
energies red shifted with the increase of Sb exposure time. In contrast to the PT spectra, the WMSPS
spectra contain an additional broad feature, denoted by C, located at about 140 + 10 meV above the 11H
transitions. In general, we would expect PT to be the more sensitive of these two techniques. However it
is not the case in the present study. One possible reason might be due to the different modulation mecha-
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Table 1 Experimental and theoretical calculated values of the various interband transition energies of
GaAs, Sb/GaAs MQWs at 300 K.

GaAs, Sb,/GaAs experiment, E, ., (€V) theory, £, (€V)

MQWs 11H 12H 11L 11H 12H 11L

sample [ PT 1.154 £ 0.003 1.188 £+ 0.005

x=0.18 WMSPS 1.154+£0.003 1.189+£0.005 1.291+0.005 1.150 1.196 1.287
PL 1.160 + 0.005

sample II PT 1.130+0.003 1.161 £ 0.005

x=0.20 WMSPS  1.129+£0.003 1.165+0.005 1.280£0.005 1.122 1.169 1.262
PL 1.125 + 0.005

sample I1I PT 1.113 £0.003 1.138 £0.005

x=0.21 WMSPS 1.115+0.003 1.140+0.005 1.256+0.005 1.109 1.157 1.254
PL 1.125 £ 0.005

nism involved. PT is a form of electromodulation spectroscopy where the modulation of the electric field
in the sample is caused by the photo-excited electron—hole pairs created by the laser diode. In type-II
alignment, the positive charges of the holes are confined in the well region and the electrons experience
electrostatic attraction toward the well region, it is difficult to achieve electric field modulation effec-
tively in such an indirect transition configuration. Therefore PT becomes less sensitive comparing to
WMSPS in the study of type-II structures. The origin of feature C has been assigned as the first electron
state to a light-hole transition and will be discussed in the following section.

Dumitras and Riechert have reported observing a feature located at 78 meV above the PL peak in the
derivative SPV spectrum of a type-Il GaAs/GaAs,,Sb,,/GaAs single quantum well [24]. The origin of
this feature was identified as related to transitions between the QW-localized hole state and the extended
electron states. By comparing the energy difference of their observed features with that of our observa-
tion and the fact that the present samples have lower Sb contents, we can tentatively rule out the assign-
ment for the presently observed feature. In order to specify the observed spectral features, we have calcu-
lated the confined energy levels in both the conduction and valence bands by assuming abrupt interfaces.
We have solved a one-dimensional Schrodinger equation for five finite square quantum wells based on
the envelope function approximation [25] including the effects of strain [26]. A value of unstrained va-
lance band band-offset Qy = 0.85 was used in the calculation [27]. We have used a number of relevant
parameters of GaAs,_Sb, listed in [11]. The effective masses of electron, heavy- and light-hole, the lat-
tice constant, hydrostatic (a) and shear (b) deformation potentials, and the elastic stiffness constants C,,
and C,, of the ternary material were obtained by linear interpolation of values of the end-point semicon-
ductors GaAs and GaSb [28]. The calculated results are listed in Table 1. A reasonable agreement be-
tween experiments and theoretical calculations can be achieved if we identify the features A, B and C to
be 11H, 12H and 11L, respectively. It is noted that the separation between 11H and 12H transitions de-
termined from PT/WMSPS reduces as the Sb exposure time increases. This is different from the theo-
retical prediction that as the Sb content increases the separation should become slightly larger. Our ob-
servation to the contrary might be due to the intermixing effect at the interfaces and results in a change of
the shape of QW profiles and modifies transition energies.

Figure 7 shows CER spectra of the samples in the region of 1.3—1.55 eV. The CER spectra exhibit
Franz—Keldysh oscillations (FKOs) above the band edge of GaAs. The period of the FKOs is a direct
measure of the built-in electric field at the interface of GaAsSb/GaAs [20, 21]. The built-in electric field
at the GaAsSb/GaAs interfaces increased with the interruption time. An additional feature located below
GaAs band edge, denoted as X, is observed on the samples under Sb exposure treatment. The probable
origin of this feature will be discussed in the following section.

Figure 8 depicts the DC optical bias dependent CER spectra of sample III in the vicinity of GaAs
region with an additional steady-state illumination of 670 nm laser diode as an optical bias. From the
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Fig. 7 CER spectra of three samples in the Fig. 8 DC optical bias dependent CER spectra of sample
range from 1.3-1.55eV. An additional III in the vicinity of GaAs region. The built-in electric field
feature is observed on samples under Sb increases slightly and the additional feature disappeared for
exposure treatments. The inset show plots DC bias exceeding 50 pW.

of (4/3m) (En—EO)'“’/2 as a function of the
index » which labels the extrema.

CER spectra, FKOs above the GaAs band edge were observed. In contrast to most of the cases, the built-
in electric field determined from the period of the FKOs increases slightly with the increase of the inten-
sity of the DC laser bias. The increase of the built-in electric field with the increase of the intensity of the
DC laser can be understood as follows: As shown in Fig. 4 the energy minima for electrons and holes lie
in different layers. This means that spatially separated electrons and holes are easily realized in such a
system, in which electrons are confined in the GaAs layer and holes are localized in the GaAsSb layer.
Due to the appearance of the interface states as a consequence of Sb absorption at the interface and/or the
possible interchanging reaction between the Sb atoms and the As atoms, it is difficult to grow
GaAsSb/GaAs MQWs with sharp interfaces. Therefore in the absence of DC optical bias, we always
have a slight band bending for the type-II structures. With the DC laser illumination, the photo-generated
electrons can move across the interface of GaAsSb/GaAs, toward the GaAs layer region and leaving
behind holes in the GaAsSb region. A direct consequence of this electron—hole separation is an increase
in the band bending and the built-in electric field at the interface.

As shown in Fig. 8, without DC laser bias a feature denoted as X located around 1.375 eV is clearly
visible. The intensity of this feature gradually decreases with increasing illumination of the optical bias
and can be eliminated completely for optical bias exceeds 50 uW. The same phenomenon is also being
observed in sample II. The additional feature only observed on the samples under Sb exposure treatment
and its location is lower than that of GaAs impurity levels [29] and thus ruling out the possibility that it
belongs to a sub-bandgap feature of GaAs. In this study, we have tentatively assumed the feature to be
originated from the transition between the valence band of the GaAs barrier to the localized interface
states due to the presence of Sb. Our tentative assertion is based on the observation of the complete
elimination of this feature for optical bias exceeding 50 uW. The steady-state optical illumination of the
sample may result in a completely filled interface states as the power exceeds 50 pW. When the interface
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states are completely occupied, the transition between the valence band of the GaAs barrier and the inter-
face states is prohibited, resulting in the disappearance of the feature in the optical-biased CER spectra.
However the origin of this feature warrants further verification and more studies are required.

4 Summary

In summary we report a temperature dependent PL and room-temperature modulation spectroscopy study
on GaAsSb/GaAs MQWs with different interface treatments. The results indicate that Sb exposure
growth interruptions change significantly the states of the interfaces and thus can influence the optical
response. The anomalous temperature dependent PL spectra has been attributed to the carrier localization
effect resulting from the presence of Sb clusters and/or Sb content fluctuations at the QW interfaces.
Red-shifts of the interband related features and a broader lineshape of the fundamental transition are
observed with increasing interface exposure time. The results may be due to an increase of the Sb content
and intermixing of Sb at the GaAs interface layers in the samples. An additional feature has also been
observed below the GaAs band energy region in Sb exposure treated samples and the physical origin of
the feature is tentatively attributed to the transition between the valence band of the GaAs barrier and the
localized interface states due to the presence of Sb.
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