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Local micro-photoreflectance spectroscopy measurements on type Il
InGaAlAs/GaAsSb/InP heterojunction bipolar transistor: Correlation

with electrical characteristics

H. Chouaib® and C. Bru-Chevallier
Institut des Nanotechnologies de Lyon (INL)-UMRS5270-CNRS, Université de Lyon, INSA-Lyon,
69621 Villeurbanne, France

(Received 11 February 2012; accepted 4 April 2012; published online 24 April 2012)

Micro-photoreflectance (micro-PR) is performed on patterned type II InGaAlAs/GaAsSb/InP
heterojunction bipolar transistor to locally measure the built-in electric fields. The results show
that the efficiency of the electric field modulation correlates with the ideality factor extracted
from the electrical characteristics (Gummel characteristics). The Franz-Keldysh oscillations
(FKO) completely disappear at the emitter/base heterojunction on devices with high ideality
factor (nearly 2), whereas typical FKO spectra are seen on samples with ideality factor ~1.
Such behavior is attributed to the type II recombination across the InGaAlAs/GaAsSb interface
which can reduce the photovoltage effect. Prior to the micro-PR experiments,
photoluminescence is performed to demonstrate that the InGaAlAs/GaAsSb interface nature is
of type II as well as to estimate the band offset discontinuity AEc. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4705408]

Heterojunction bipolar transistors (HBT) grown on InP
substrates have attracted considerable attention due to their
applications for the next generations of integrated circuits
operating at very high speed exceeding 100 Gbits/s. Tradi-
tionally, GalnAs was used for InP based HBTs which have
demonstrated high-speed characteristics."> However, the
InP/GalnAs heterostructure has a type I conduction band
alignment causing a current blocking at the base-collector
(B/C) heterojunction. In an effort to overcome this limitation
and suppress the collector current blocking of the InP/
GalnAs HBT, methods of composition and doping graded
layers have been suggested and implemented.>* Such design
for a graded structure, although their success, has made the
epitaxial layer growth much more complex. As an alternative
to the GalnAs, the ternary GaAsSb is believed to provide a
solution to the B/C current blocking since its band offset
with InP layer is of type II, and electrons are therefore ballis-
tically injected into the collector.*> Furthermore, due to the
large valence band discontinuity, the hole blocking process
at the collector and the emitter is stronger than the GalnAs
based devices one. Excellent performances were reported
using an InP/GaAsSb/InP HBT devices, particularly with
maximum cutoff frequency Ft and maximum oscillation fre-
quency Fmax surpassing 300 GHz.®” However, while the
negative conduction band discontinuity (AEc) for the
GaAsSb base to the InP collector is considered a major ad-
vantageous factor to the HBT performance, it is a disadvant-
age from the InP emitter side since a negative AEc at the InP
emitter/base (E/B) GaAsSb is a barrier against the electrons
injected into the base. Therefore, an ideal case would be to
have a type II B/C interface and type I E/B interface. A het-
erostructure design lead, promising a positive AE¢ at the E/B
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interface was proposed by Bove er al.® replacing the InP.
This material is the quaternary InGaAlAs. While the
GalnAs/GaAsSb is of a type II heterostructure, the InAlAs/
GaAsSb one is of type I. By mixing GalnAs and InAlAs, one
can hope getting an InGaAlAs emitter with a positive (type
I) conduction band discontinuity as an alternative to InP for
HBT with GaAsSb.

To explore the various physical properties of these
structures and the devices based on them, various optical
characterization methods are used, in particular the photolu-
minescence (PL) and photoreflectance (PR)*'? spectroscopy.
PL and PR offer the advantage of being nondestructive and
contactless methods, they can provide a number of valuable
information and are able to measure some critical parameters
for the HBT application, like in our case the InGaAlAs
bandgap, the InGaAlAs/GaAsSb interface nature (type I or
type II), and its band offset discontinuity, or in some other
cases the surface Fermi level which provides a guide for pre-
dicting the contact resistivity.'' ™' In addition, room temper-
ature PR spectroscopy has proven a significant ability in the
qualification of HBT epitaxial structures. Similar studies
have been widely published in the literature.'*'> Scientists
skilled in the field have generally applied PR by the mean of
a standard setup with a mediocre spatial resolution (Milli-
metric scale). Once the epitaxial wafers have been optically
characterized, they are processed afterwards and undergo a
number of technological steps where eventual damages or
surface states modifications could occur leading to change in
the optical response and/or electrical characteristics. Investi-
gators have then compared and correlated both optical and
electrical characterizations results although they are sepa-
rated by series of technological processes. Another reason
for performing local measurement on real devices is the
micro-loading effect which means the structure size and den-
sity effect, such as the local variation in growth rate and
composition or thickness non-uniformity etc. As a result,

© 2012 American Institute of Physics
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micro-photoreflectance (micro-PR) is used to locally charac-
terize real micro-devices, and the emerging optical results
are subsequently compared to electrical characteristics per-
formed on the same compound.

In this paper, InGaAlAs layers and InGaAlAs/GaAsSb
heterostructures are first optically investigated using PL and
PR spectroscopy, in order to determine the InGaAlAs
bandgap, the nature of the InGaAlAs/GaAsSb interface
(Type I or II), and its band offsets AEc and AEy. These pa-
rameters are crucial for the HBT operation as well as its
design and modeling. Moreover, the paper also covers the
InGaAlAs/GaAsSb/InP HBT devices micro-PR results,
showing a correlation between the optical measurement and
the electrical characteristics (Gummel characteristics). We
shall consider how optical spectroscopy techniques charac-
terize real micro-devices to improve their performances.

The InGaAlAs/GaAsSb layers are grown by molecular
beam epitaxy (MBE) on InP substrates. It consists of a
100 nm InGaAlAs layer grown on a 50 nm C-doped GaAsSb
layer. Al and Sb mole fractions for both samples are
extracted from x-ray diffraction measurements. We found
25% Al for InGaAlAs and 43% Sb for GaAsSb layer.

In order to measure the bandgap energy of the InGaAlAs
layer, room temperature PR was performed. The correspond-
ing PR spectrum is reported on Figure 1 in the
0.95eV-1.2eV energy range. The spectrum clearly shows
two transitions coming from the energy bandgaps of the qua-
ternary layer lattice mismatched to the GaAsSb layer. In
case of low electric field regime, PR spectrum is regressed
with the third derivative of the dielectric function (TDFF)
model.'® Therefore, the PR spectrum regression provides
two energy transitions at 1.096eV and 1.128 eV as reported
in Table I. For InGaAlAs under tensile strain, the light hole
(LH) valence band is located above the heavy hole (HH)
band and therefore the 1.096eV energy is attributed to the
LH bandgap and the 1.128¢eV to the HH bandgap. It is
worthnoting to mention that both HH and LH transitions
exhibit quite similar broadening parameters as shown in
Table L. This indicates the reliability of the regression results
which are consistent with previous work obtained on III-V
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FIG. 1. Room temperature PR spectrum of InGaAlAs layer (25% Al).
Squares are the fit obtained using the third derivative functional form model.
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TABLE I. Third derivative functional form model regression results of the
InGaAlAs LH and HH energy transitions at room temperature for 25% Al.

Broadening Energy
Transition Amplitude (meV) €eV) Phase
LH (1.02+0.05)x 107® 24+1 1.096 =0.04 0.39 =0.016
LH (14+0.06)x 10°%  20+0.8 1.128 +£0.05 3.96 =0.16

systems.'’ Additionally, our results confirm that the HH PR
amplitude, which is often described as the oscillator strength
of the transition is in fact greater than that of the LH (Ayy/
Arp = 1.4). Similar behaviors are also reported and theoreti-
cally analyzed in the literature."®

Samples are further studied by PL at 10K to determine
the nature of the InGaAlAs/GaAsSb interface. Note that the
type II PL from GaAsSb/InP interface has already been
observed and analyzed.'"'® The PL measurements were car-
ried out using an Ar laser as a light source. The samples are
placed in a closed cycle He cryostat with a stable tempera-
ture of 10 K. The PL emission is dispersed through a Jobin-
Yvon model HR-640 spectrometer and detected using nitro-
gen cooled InSb photodiode. Figure 2(a) shows the PL spec-
tra at four different optical excitation power (400 mW, 40
mW, 4 mW, and 0.4 mW). A PL transition is found to
emerge in the 0.68eV-0.78 eV energy range and attributed
to spatially indirect band-to-band recombination of electrons
and holes across the InGaAlAs/GaAsSb interface. At 4 mW
optical excitation power, the PL peak is centered at
0.703 eV. By increasing the power by a factor of 100, the PL
peak shifts towards high energy by 30meV. The significant
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FIG. 2. (a) PL spectra of sample A taken as a function of excitation power.
(b) Schematic of the InGaAlAs/GaAsSb (25% Al, 43% Sb) type II band
structure assuming a flat band conditions. The figure illustrates the band off-
sets and the gaps/type II transitions.
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blueshift of the PL peak with increasing excitation power is
attributed to the band bending effect due to the spatial sepa-
ration of electrons and holes at the InGaAlAs/GaAsSb inter-
face, and this is a signature for a type II interface
recombination.'""'® The significant blueshift is understood as
follows: Because electrons and holes are attracted to each
other, narrow triangular shaped quantum wells (QW) are
formed at the interface. When the optical power increases,
carriers are accumulated in the QW increasing the confine-
ment energy of the wells as well as the dipole energy across
the interface. Additionally, the atypical and asymmetrical
shape of the PL spectra especially at high power (Figure
2(a)) is another signature of the type II transition. Specifi-
cally, the laser spot size on sample A is ~ 0.3 mm in which
the power is not uniformly distributed. Since the type II tran-
sition energy is highly sensitive to excitation power as
described above, the observed PL spectra are the sums of
multiple blue-shifted Gaussians, whose origins are the multi-
ple triangular shaped QW caused by the non-uniform macro
spot. This leads to multiple peaks like and an asymmetrical
shaped spectrum. Furthermore, from the energy of the type
II transition, the conduction band offset AEc at the InGaA-
1As/GaAsSb interface can be determined. At low PL excita-
tion power (0.4 mW—4 mW), no significant energy shift is
noticed, so it is seemingly assumed that flat band conditions
have occurred. As a result, the difference between the
GaAsSb bandgap (0.813 eV) at low temperature and the low-
est power density type II interface recombination (0.703 eV)
energy yields to an estimation of the conduction band offset
at the InGaAlAs/GaAsSb interface which is about (110 £ 5)
meV in this case. Figure 2(b) illustrates the schematic of the
InGaAlAs/GaAsSb band structure in a flat band conditions.
Similarly, the valence band offset at the InGaAlAs/GaAsSb
interface can be determined as the difference between the
lowest InGaAlAs transition (1.096 eV) and the type II energy
(0.703 eV). This leads to AEy=(393 = 19) meV. Based on
our current and previous experimental results on InGaAlAs/
GaAsSb and InP/GaAsSb (Ref. 12) heterostructures, and for
approximately a similar Sb content, InP shows a lower nega-
tive conduction band offset than that of InGaAlAs.

Now that the InGaAlAs/GaAsSb interface nature is
identified and characterized using a simple structure, the
HBT optical results can be analyzed. The HBT device sam-

Micro-PR measurement
location

1
|
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FIG. 3. Side view of the HBT structure of sample B (C). Values in brackets
belongs to sample C. A dashed arrow is pointing to the position of the
micro-PR measurement spot.
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ples used in our experiments were grown by MBE on the InP
substrate. The structures are summarized in Figure 3. Sam-
ples have different collector thicknesses and base antimony
contents (43% for sample B and 37% for sample C) as well
as different emitter Al contents (24% for sample B and 20%
for sample C). As both samples are structurally distinct, it is
obvious to expect different device performances. The micro-
PR experimental apparatus description is detailed in Ref. 19.
Corresponding spatial resolution is estimated to be 7 um.
Figure 4 shows the micro-PR spectrum of sample B at
300K. The structure around 1eV corresponds to the n-
InGaAlAs emitter layer, while that around 1.34 eV is related
to the n-InP collector layer. The oscillators features above
the band gaps of the InGaAlAs (1.042eV) and InP (1.34eV)
are the Franz-Keldysh oscillations (FKO). Measured electric
fields from the E/B and B/C are, respectively, (75 =4) kV/
cm and (25 = 2) kV/cm. These field values were interpreted
and compared with numerical simulations based on the Pois-
son equation.'” The FKO spectra have indicated significantly
lower donor doping concentration than the nominal target
one in the emitter regions, a result later confirmed by the
measurement of the net doping concentration using micro-
PR as a function of applied bias voltage.'” However, several
HBT devices like sample C draw our attention to an unusual
and distinctive behavior. Figure 5 shows the room tempera-
ture PR spectrum of sample C. FKO related to the InGaAlAs
emitter were not observed while the signal related the InP
collector exhibits much stronger FKO in terms of amplitude
and electric field than that of the sample B. This PR intensity
enhancement in the collector is attributed to the thinner InP
layer and its higher doping concentration. The measured field
is (72 = 4) kV/cm, in perfect agreement with the simulated
numerical value. As regards the E/B interface, there seems to
be no electric field modulation, caused by the deficiency of
the photovoltage effect. The photovoltage effect is described
as the change of the interface potential induced by photo-
generated carriers. The photovoltage effect is the origin of
the PR signal. As described above, the InGaAlAs/GaAsSb
interface is of type II where carriers crossed recombinations
are dominant as can be observed from the PL spectra shown
in Figure 2(a) and the band structure in Figure 2(b). This
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FIG. 4. Room temperature PR spectrum of the InGaAlAs/GaAsSb/InP
HBT, sample B.
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FIG. 5. Room temperature PR spectrum of the InGaAlAs/GaAsSb/InP
HBT, sample C.

type II interface effect behaves as defects and nonradiative
recombination centers reducing the photovoltage which may
explain the lack of PR signal in case of sample C where the
composition in Al is 20%, while for sample B is 24%. Based
on our own observations, the less Al composition in the qua-
ternary InGaAlAs should correspond to higher conduction
band offset discontinuity with GaAsSb. As a result, crossed
recombinations due to the type II heterojunction in sample C
(20% Al) are stronger than that of sample B (24% Al) which
explains the lack of FKO at the emitter of sample C. The cur-
rent voltage characteristics of the E/B heterojunctions for sam-
ples B and C are also investigated. Extracted from the
Gummel plots,”® the ideality factor of sample B is 1.035
whereas that of sample C—where the FKO are totally
absent—is nearly 2. No FKO behavior was detected on all
samples with Gummel ideality factor of 2. These electrical
characteristics confirm our assumptions described above that
the recombination currents across the E/B heterojunctions on
sample C are stronger than that of sample B. The increase of
the ideality factor indicates that the various recombination cur-
rents in the E/B space charge region—including the crossed
recombination current due to the type II interface—increases,
which leads to the degradation of the HBT performance.

In conclusion, based on PL spectroscopy experiments,
the InGaAlAs/GasAsSb interface appears to be of type II for
Al concentration between 20% and 25%. This results in car-
riers crossed recombination through the InGaAlAs/GaAsSb
interface. On the other hand, micro-PR performed on real
InGaAlAs/GasAsSb/InP HBT micro-devices show typical
behavior coming from the InP collector. Whereas for some
devices, FKO in the vicinity of the InGaAlAs (emitter) band

Appl. Phys. Lett. 100, 172102 (2012)

gap energy were not observed. This behavior is attributed to
the type II interface effect which behaves as defects and non-
radiative recombination centers reducing the pump beam
modulation efficiency. A correlation of practical significance
between PR results and Gummel characteristics is recorded.
An ideality factor ~2 is seen on all samples where the PR
response is absent. The ideality factor increase is a signature
of the various recombination currents in the E/B space
charge region which optically leads to the lack of the FKO.
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