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Abstract: An InGaP/InGaAsN/GaAs NpN double-hetercjunction bipolar transistor (DHBT)
structure has been characterised using the techniques of photoreflectance (PR), including the
dependence of the signals on the polarisation {[110] and [! 1 0]} of the incident radiation, and
surface photovoltage spectroscopy (SPS). The ordering parameter of the InGaP is deduced from the
polarisation dependence of the PR signals from the emitter region. The observed Franz—Keldysh
oscillations have been used to evaluate the electric fields in the collector and emitter regions. The
field in the collector region agrees well with the theoretical value, while the ficld in the emitter region
is found to be about 25 kV /cm smaller than the theoretical value not taking into account the possible
ordering-induced screening effect. The difference is ascribed to the influence of the piezoelectric
field related to ordering. In addition, the InGaAsN band gap is determined to be 1.196eV by
analysing the PR and SPS spectra in the base region. The narrower band gap of InGaAsN hasled toa
lower turn-on voltage, which shows great potential for the application of InGaAsN in low-power

electronics.

1 Introduction

InGaAsN alloy systems are currently attracting significant
attention owing to their potential application in optoelec-
tronic devices [1-3]. Incorporation of a small amount of
nitrogen (N} into InGaAs results in a reduction of its lattice
constant, thus reducing the strain in InGaAs layers grown
on GaAs [1]. In addition, due to large band gap (E,)
bowing, £, decreases as N is added [I]. The use of
GaAs-lattice-matched InGaAsN could be a suitable
approach to the realisation of low-power clectronic
devices. Progress in InGaAsN material quality has mot-
vated the development of new heterojunction bipolar
transistors (HBTs) using this alloy as the base to produce
cost-effective low-power electronic devices for GaAs
substrates. Recently a functional NpN InGaP/InGaAsN/
GaAs double heterojunction bipolar transistor (DHBT) has
been reported [4]. Its initial performance was comparable
with its conventional InGaP/GaAs counterpart and a
reasonable reduction of ¥, (0.84V instead of 0.97V)
was observed, so that the potential application of InGaAsN
in low-power electronics has been demonstrated.
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Photoreftectance (PR) [5] and surface photovoltage
spectroscopy (SPS) [6] have proven to be valuable tools
for the non-destructive room temperature characterisation
of a number of device structures including HBTs, pseudo-
morphic high electron mobility transistors and quantum
well lasers [7]. The sensitivity of PR to built-in clectric
fields has proven to be one of its most important properties
for HBT characterisation. For sufficiently high electric
fields the PR spectrum can display an oscillatory behaviour
above the band gap, called Franz—Keldysh oscillations
(FKOs). The period of these FKOs is a direct measure of
the built-in electric field. For HBTs the PR technique has
been used to evaluate the collector/base and emitter/base
fields as well as alloy composition/or ordering parameter
[5, 7]. Mishori et a! recently demonstrated that SPS
technique can be used to gain information about the base
region [8].

We present a detailed PR and SPS investigation of an
InGaP/InGaAsN/GaAs NpN DHBT structure fabricated
by metal-organic chemical vapour deposition (MOCVD),
including the dependence of the signals on polarisation
{[t10] and [110]} of the incident radiation. Under
certain conditions InGaP has a strong tendency towards
atomic ordering, which leads to a band gap reduction
(AEgcr), valence band splitting (AEpgs) and related polar-
isation effects [9]. The observed FKOs have been used to
evaluate the electric fields in the collector/base (F ") and
emitter/base (F ™) regions. These ficlds have been calcu-
lated based on a comprehensive, self-consistent model
[10], including the photovoltaic effect. The difference
between the experimentally measured field in the
emitter/base region and that calculated from theory is
discussed. In addition; the InGaAsN band gap is deter-
mined by analysing PR and SPS spectra from the base
regiomn.
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2 Experimental

The InGaP/InGaAsN/GaAs NpN DHBT structure used in
this study was fabricated on undoped semi- insulating GaAs
substrate by MOCVD On top of the substrate was grown
(@) a 5000 A n"-GaAs subcollector layer followed by (5) a
5000 A n~-GaAs collector layer, (c) a 700 A p*-InGaAsN
base layer, () a 500 A n-InGaP emitter layer, (@) a 1000 A

n*-GaAs emitter contact layer, and (/¥ a 600 A n™-Ing_o 5
Ga._ojAs contact cap layer. The base layer was made of
p+-[n0_03Ga0_9—,A50>99 N().()l with band gap ~1.2eV which
is lattice-matched to GaAs. J doping was inserted in the
emitter near the base—emitter (BE) junction to minimise the
etfect of the conduction band offset AE, on the value of

Von- In order to reduce the barrier between the base—
collector (BC) junction, a 300 A strained Ing_o.2Gaj_g3As
grading layer with § doping in the collector near the BC
Jjunction was inserted to gradually increase the £, from that
of InGaAsN to that of GaAs. Trimethylindium, trimethyl-
gallium, 100% arsine (AsH;) and 1,1-dimenthylhdrazine
(DMHy) were used as the In, Ga, As and N precursors,
respectively, for the growth of the InGaAsN base layer. The
flow raie ratioc of DMHy/(DMHy + AsH,) was fixed at
0.95. The compositions of indium and nitrogen were
determined by secondary ion mass spectroscopy (SIMS)
and high-resolution X-ray diffraction measurements. The
doping concentrations in the epilayers were confirmed with
polaron and Hall measurements.

The PR modulation of the built-in electric field of the
sample is caused by photoexcited electron—hole pairs
created by an internally AC modulated 650nm laser
diode (~200 pW/cm?) at 200 Hz. The SPS measurement,
which used normalised incident lighi intensity, was
performed at normal incidence using a fixed grid and
probe light chopped at 200 Hz,

3 Results and discussion

The dashed lines in Fig. 1 show the 300 K PR spectra of
the DHBT sample with optical electric-field vector
E([1 107 and E|[1 T0], respectively. The feature around
1.2eV is from the InGaAsN base region. Both the GaAs
and InGaP signals exhibit FKOs. The solid lines are line-
shape fits [5] yielding InGaP band gaps of 1.845 £0.002
and 1.857+0.002eV for the two polarisations, as
indicated by the arrows. This difference is due to the
ordering in the InGaP material [9, 11]. The ordering
parameter 3 can be estimated from either AFzge or
ALygg. Values of Afgsr=70+£2meV and AEyzc—
13+2meV are determined from Fig. 1. The ordering
parameter #=0.38+0.04 is obtained with the aid of
equation (3) in [9] and the derived AEzsr, while a
comparable value of n=0.36£0.05 is obtained by
considering the derived AE 5.

The position of the nth extremum in the FKOs is [5]
given by

_ {4«5 [ mzn3,(001) ]‘”(E £
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where E, is the photon energy of the #th extremum, Fy is
the band gap, F is the field, and y is an arbitrary phase
factor, while mr. and piy,(001) are the effective mass of the
electron and heavy hole [aleng (001)], respectively, in units
of the free-electron mass. The relevant electron (m.) and
heavy hole effective masses (m;,,,(OOl)) are 0.067 and 0.34,
respectively, for GaAs [12] and 0.118 and 0.66,
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Fig. 1 Room remperature PR specira {(dashed lines) for NpN
InGaP/InGaAsN{Gads DHBT with light polarised E|[110]
and EI[1 10}

The solid lines are line-shape fits yiclding the energies as indicated by
the arrows

respectively, for InGaP [13]. The FKOs indicate an electric
field in the collector Fo'=69+3%V/em and in the
emitter F“"' =155+ 5kV/cm.

For the linear, non-uniform field of a space-charge layer
the FKOs are a measure of the maximum field [5]. We have
performed a computer simulation of the fleld profiles using
a comprehensive, self-consistent model [10} with the
structure parameters mentioned above, including the
effects of the light. Relevant quantities such as band
offsets, effective masses, absorption coefficients and
majority/minority carrier lifetimes in the different regions
are discussed in [11]. The calculation yields
Fel =72 kV/jem and F" = 180kV/cm.

The measured field in the collector region agreed well
with the thearetical calculation, while the measured field in
the emitter region is about 25 kV/cm smaller than that of
the theoretical calculation. The difference between the
experimental and theoretical values of the emitter field
cannot be a result of doping variations of the sample since
we used actual doping concentrations determined by
polaron and Hall measurements for our calculation.
Using a first-principles pseudopotential method, Froyen
et al. [14] predict a strong, macroscopic, intrinsic electric
field in ordered InGaP oriented along the ordering direction
(i.e. along [111] direction). Recently Huang er al. [15]
reported an ordering-dependent properties study on four
InGaP/GaAs HBT structures. For the same emitter doping
level the emitter field in the more ordered materials
(7==0.3) is about 20kV/cm smaller than in the less
ordered sample (i = 0.1). The difference was ascribed fo
the influence of the piezoelectric field related to ordering.
By including the possible ordering-induced partial screen-
ing effect, a reduction of F7*° from the theoretical
calculation, which did not consider the influence of order-
ing, will give good agreement between experimental and
theoretical values for the built-in ficld.

The dashed lines in Fig. 2 show the 300K PR and
normalised first derivative surface photovoltage (SPV)} spec-
tra of the InGaP/InGaAsN/GaAs DHBT sample in the
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Fig. 2 Room temperature PR and the normalised first derivative
SPV spectra of NpN InGaP/InGadsN/GaAs DHBT sampie in the
region between 1.0 and 1.35 eV

The solid lines are line-shape fits yielding the energies as indicated by
arrows

region between 1.0 and 1.35 ¢V. The features in this region
are atiributed to interband transitions originating from the
InGaAs grading layers located between collector and base,
and p-base InGaAsN. The line shape fits (the solid lines in
Fig. 2) yield transition energies equal to 1.281 4-0.003 and
1.196 £ 0.003 eV indicated by arrows. The feature around
1.28 eV is attributed to the interband transitions of InGaAs
grading layer with an average indium composition of ~0.1.
The broad structure at 1.196 ¢V is attributed to the direct
transition at the band edge of p-base In,Ga,_,As,_,N,. The
In composition x of 0.03 was determined by SIMS. The
nitrogen composition y=0.014 is ecstimated using the
phenemenological relationship shown in [16], ie.
Eyllng 03Gag g7881 N = Ey(Ing n3GagerAs) — 12.4y eV,
The estimated N compaosition of 0.014 is slightly higher
than the tntended value of 0.01. The broadening parameter
of this feature is determined to be a rather large value of
~120 meV. The large value of the broadening parameter
might indicate the presence of defects with N incorporation
into Ingp3GagerAs alloys and/or heavy doping of the
material. The ability to observe a PR signal from the base
region is In contrast to earlier observations made in [7], in
which PR/CER yields information only about the properties
of the collector and cmitter, and does not produce any
information about the base, because these methods cannot
modulate highly doped layers. The reason that we are able to
observe the PR feature from the base region might be dueto a
relatively lower doping concentration in the base region of
the DHBT structure (1 x 167 cm™) compared with the
typical mid-10'® em™ of base doping used in InGaP/GaAs
GaAs HBTs [11]. Higher base doping in InGaAsN-based
DHBTs would further improve the characteristics of the
device structure.

4 Summary

In summary, we have characterised an NpN
InGaP/InGaAsN/GaAs DHBT structure using PR and
SPS including dependence of the signals on polarisation.
The ordering parameter is deduced from the polarisation
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dependence of InGaP emitter signals. {t should be noted
that while a band gap variation could be due to either
ordering or lattice mismatch, polarisation-dependent split-
ting is the signature of ordering. From the observed FKOs
we have cvaluated F° and F®". We have calculated
these fields based on a comprehensive, self-consistent
model, including the photovoltaic effect. There is good
agreement for £ between calculation and experiment.
The difference in F°™ is most likely due to ordering and
its associated built-in piezoelectric field. The fits of PR and
SPS signals from the p-base region yicld a band gap of
InGaAsN with E,(InGaAsN)=1.196 eV. The smaller £, of
InGaAsN has led to a lower V,,, which shows great
potential for the application of InGaAsN in low-power
electronics. An improvement of the quality with
higher doping level of the InGaAsN base layer would
further enhance the characteristics of the device structure.
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