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A symmetric gain optoelectronic mixer based on an indium gallium arsenide (Ings3Gag47As)/indium
phosphide (InP) symmetric heterojunction phototransistor structure is being investigated for chirped-
AM laser detection and ranging (LADAR) systems operating in the “eye-safe” 1.55 pum wavelength range.
Signal processing of a chirped-AM LADAR system is simplified if the photodetector in the receiver is used
as an optoelectronic mixer (OEM). Adding gain to the OEM allows the following transimpedance ampli-
fier’s gain to be reduced, increasing bandwidth and improving the system’s noise performance. A sym-
metric gain optoelectronic mixer based on a symmetric phototransistor structure using an indium
gallium arsenide narrow bandgap base and indium phosphide emitter/collector layers is proposed. The
devices are simulated with the Synopsis TCAD Sentaurus tools. The effects of base-emitter interface lay-
ers, base thickness and the doping densities of the base and emitters on the device performance are inves-
tigated. AC and DC simulation results are compared with a device model. Improved responsivity and
lower dark current are predicted for the optimized InGaAs/InP device over previously reported devices
with indium aluminum arsenide emitter/collector layers.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Optoelectronic mixing devices mix a modulated optical signal
with a reference electrical signal to obtain an electrical low fre-
quency difference signal. These devices are particularly attractive
for chirped-AM laser detection and ranging (LADAR) systems. The
Army Research Laboratory (ARL) has been developing chirped-
AM LADAR systems for applications such as reconnaissance, terrain
mapping, force protection, facial recognition, robotic navigation
and weapons fuzing [1]. In this system, the amplitude of the laser
beam is modulated with a chirped frequency local oscillator (LO)
signal. The reflected laser beam is detected by a photodetector,
which converts it into an electrical signal (RF). This time delayed
RF will be at a different frequency than the instantaneous LO, with
the difference frequency (fir) determined by the distance to target,
the frequency bandwidth, AF, of the chirp, and its duration, T.
Therefore, the RF signal is mixed with the IF signal to obtain the
difference signal, and thus distance information. Signal processing
of a chirped-AM LADAR system is simplified if the photodetector in
the receiver is used as an optoelectronic mixer (OEM) [2]. A DC
biased phototransistor can be used as an optoelectronic mixer
[3]. Alternatively, a photodetector with a symmetric [-V character-
istic allows driving the OEM directly with the local oscillator signal,
without a DC bias [2]. Sensitivity to background light is reduced, as
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the response from background light averages to zero. An additional
3 dB signal processing gain is also obtained. As the OEM output is
the low frequency difference signal, the gain of the following trans-
impedance amplifier (TZA) can be increased, improving LADAR
performance. ARL has previously demonstrated chirped-AM LA-
DAR systems with GaAs and InGaAs metal-semiconductor-metal
(MSM) Schottky photodetector OEMs for operation at the 800 nm
[2,4] and 1550 nm wavelengths [5,6]. A symmetric photodetector
with gain would improve overall system performance, while pre-
serving the advantages offered by MSM OEM devices.

We previously reported Symmetric Gain OptoElectronic Mix-
ers (SG-OEMs) for 1.55 pum operation based on a symmetric het-
erojunction phototransistor using Ings»Alg4sAs/Ing53Gag47As
heterostructures [7]. The emitter/collector was Ings,Alp4sAs (In-
AlAs), and the base was Ings3Gag47As (InGaAs), both of which
are lattice matched to the InP substrate. Two-dimensional de-
vice simulations, using the Synopsis TCAD Sentaurus suite, were
carried out at the University of Maine to design optoelectronic
mixers with suitable optical gain and frequency bandwidth.
Two symmetric gain OEM heterostructures were grown at ARL
using molecular beam epitaxy, and prototype devices were fab-
ricated. Device diameters ranged from 18 um to 30 um. Etch
steps during device fabrication revealed cracking defects in the
thin films. Therefore, an investigation into an alternative device
structure with InP layers was initiated to improve lattice-match-
ing with the substrate and to reduce the defect density in the
thin films.
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In this work, InP/Ing 53Gag 47As heterostructure based symmet-
ric gain optoelectronic mixers are investigated through simulation
using the Synopsis TCAD Sentaurus tools. A symmetric gain opto-
electronic mixer for the chirped-AM LADAR applications should
have high responsivity below 5 V (peak voltage for 24 dBm LO sig-
nal) and low dark current. In comparison with Ings;Alg4gAs, InP
has a smaller bandgap difference with Ing s3Gag 47As and a different
conduction band offset. Thus, comparative simulations are carried
out to investigate the advantages and disadvantages of InP based
SG-OEMs in comparison with InAlAs based ones. The two-dimen-
sional simulations are used to design both the layer structure for
growth and the horizontal structure for the photolithography
masks. The simulations predict a higher responsivity for the InP
based SG-OEMs, as well as a smaller dark current, hence lower
noise floor. Highly doped base-emitter interface layers are investi-
gated for improving device performance, as previously predicted
for InAlAs based SG-OEMs. The base width and base-emitter dop-
ing dependence of the dark current and responsivity are also inves-
tigated to optimize the device structure for high responsivity, low
leakage current, and a large breakdown voltage.

2. Simulation and modeling
2.1. DC simulation and analysis

The two basic device structures, with and without the emitter-
side highly doped interface layer, are shown in Fig. 1, for the case of
InP emitter/collector layers. Structure A has 10 nm thick highly
doped InP interface layers between the base and emitter/collector
layers, while structure B does not. The base layer thickness and the
doping levels of the base and emitter layers are the main parame-
ters varied in the device simulations. The material parameters used
in the simulation are listed in Table 1.

Vi %
S0nm n - InGaAs le
50nm n - InP le?

e

390nm n - InP 1e!6

10nm n - InP 5e!®

800nm p - InGaAs 2.5e ¢

10nm n - InP 5e’®

390nm n - InP 1e!6

50nm n - InP 1e®

Top contact layer

Interface layers

Bottom contact layer

Table 1
List of material parameters used in the simulations.
InGaAs InP InAlAs
E; (eV) 0.718721 1.33587 1.48159
o (eV) 4.5472 4.4 42711
e 13.9061 124 12.3948
Nc (cm™3) 2.5396 x 10'7 5.66 x 10'7 5.7814 x 10"7
N, (cm~3) 7.5107 x 10'® 2.03 x 10" 94152 x 10'®

A large and symmetric gain, low leakage current, and a break-
down voltage larger than 5V are the important specifications for
an optoelectronic mixer in LADAR applications. An OEM with large
gain would allow the following transimpedance amplifier’s gain to
be reduced, increasing the TZA frequency bandwidth and improv-
ing overall system performance. Fig. 2 compares the simulated
responsivity versus bias voltage of InP and Ings»Alg4sAs based
SG-OEMs with the same layer thickness and doping profile, while
their dark current performance is compared in Fig. 3. The simula-
tions predict that InP based SG-OEMs will have a lower dark
current, and be less susceptible to the Early effect and punch-
through breakdown. The InP/Ing53Gag47As based structure A de-
vice has a base width of 800 nm, base doping of 2.5 x 10'® cm—
and collector/emitter doping density of 5 x 10'> cm 3 (doping pro-
file #2). This device has a responsivity of 10.42 A/W at 3 V, which is
approximately two-thirds of its Ings;Alg48As/Ing53Gag47As coun-
terpart, at the gain of a lower dark current, as can be seen in
Fig. 3. The lower dark current in the InP/Ings3Gag47As structure
is due to: (i) a two-dimensional electron gas accumulation at the
n"*-N"" isotype heterojunction contact layer interface; and (ii) a
larger Early effect in the base of the IngsyAlg4sAs/INgs3Gag 47AS
device, caused by a larger built-in potential at the p-N anisotype
heterojunction.

Another important consideration is the effect of the highly
doped emitter side interface layers on device performance. Fig. 2

||
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50nm n - InP le!®

N

400nm n - InP 1e6
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v 300nm n - InGaAs le® vz V24 300nm n - InGaAs le® vz
300nm InP Buffer 300nm InP Buffer
InP Substrate InP Substrate

Structure A

Structure B

Fig. 1. The structures of the two InP/Ing s3Gag 47As heterostructure based symmetric gain optoelectronic mixers. Structure A with and B without the emitter-side highly doped

interface layers.
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Fig. 2. Responsivity versus bias voltage for InP/Ings3Gag47As and IngsyAlg4gAs/
Ing 53Gap 47As based symmetric phototransistors with the same layer thickness and
doping profile. Both structure A and B are included for InP/Ings3Gag47As based
structures.
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Fig. 3. Dark current versus bias voltage for InP/Ings3Gag47As and IngsyAlg4sAs/
Ing 53Gag 47As based symmetric phototransistors with the same layer thickness and
doping profile. Both structures A and B are included for InP/Ing53Gag47As based
structures.

compares the responsivity of structure A (with the interface layers)
and structure B (without these layers) as a function of the bias volt-
age. Both structures have base thickness of 800 nm and doping
densities of 2.5 x 10'® cm™3 in the base and 5 x 10'> cm 3 in the
emitter/collector layers. Structure B is predicted to have a larger
responsivity than structure A at low bias voltages. Figs. 2 and 3 also
show that structure B is less susceptible to the Early effect, and has
lower dark current. The weaker Early effect for structure B is due to
the lack of the highly doped emitter-base interface layer. In struc-
ture A, the highly doped (10 nm, 10'® cm~3) emitter interface lay-
ers cause most of the depletion region to extend into the base. In
contrast, the depletion region is smaller in the base for structure
B, which lacks these interface layers.

Base thickness and the doping densities of the base and emitter/
collector layers are key SG-OEM design parameters. These param-
eters were systematically varied across a series of simulations to
investigate their effects on device performance. Table 2 lists three
doping profiles out of this data set, #1 and #3 being at the ex-

Table 2

Doping profiles of three sample structures.

Doping profile
1

Doping profile 2

Doping profile
3

Base doping 1x10"%ecm>  25x10%cm3 5x10%cm™
Emitter/collector 5x10"%cm™> 5x10”®cm™ 5x 10 cm™3
doping

tremes, and #2 being the optimum doping profile. Fig. 4 shows
the DC responsivities of seven InP/Ings3Gag47As SG-OEMs based
on structure A with doping profile #2, and base thicknesses rang-
ing from 500 nm to 1100 nm. It should be noted that the device
shown in Fig. 2 had the same doping profile. SG-OEM responsivity
decreases with increasing base thickness, as the transistor gain de-
creases faster than the increase in the absorption with increasing
base thickness in this range. To a first order, the responsivity, R,
is proportional to:

_ p—od

where o is the absorption coefficient and d is the thickness of the
base region, relating responsivity to the base width dependence of
transistor gain. In contrast, increasing base thickness reduces base
width modulation, i.e. the Early effect, and correspondingly in-
creases the base punch-through breakdown voltage. Narrow base
width devices (600 nm and below) are predicted to fail at bias volt-
ages below 4 V due to punch-through breakdown. Fig. 5 shows the
DC responsivity of three InP/Ing s3Gag 47As SG-OEMs based on struc-
ture B, with base thickness of 700 nm, 800 nm and 900 nm. Except
for the interface layers, they have the same #2 doping profile. Sim-
ilar to the structure A devices, the responsivity decreases with
increasing base thickness. In general, the structure B devices have
better responsivity, and lower susceptibility to the Early effect of
their counterparts, and provide a better SG-OEM device.

Fig. 6 compares the responsivities of 800 nm base InP/Ingss.
Gag.47As SG-OEMs with the three doping profiles given in Table
1. Device A.1 has the largest responsivity below 5V, which is
13.42 A/W at 1V and 38.81 A/W at 2V, compared to 6.312/8.194
for A.2, and 4.564/8.194 for A.3. However, the abrupt jump in the
responsivity at 3V is due to base punch-through breakdown,
which makes device A.1 unsuitable for practical applications. This
low voltage base punch-through in A.1 is caused by the emitter/
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Fig. 4. Responsivity of structure A.2 as a function of base thickness. The base
thicknesses range from 600 nm to 1000 nm.
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Fig. 5. Responsivity of structure B.2 as a function of base thickness. The base
thicknesses range from 600 nm to 1000 nm.

collector doping density being larger than the base doping density,
which causes the depletion region to extend mostly into the base.
Device B.2 with 800 nm base (Fig. 5) has a satisfactory respon-
sivity (14.88 A/W at 3 V) in the low voltage range and does not suf-
fer from punch-through breakdown below 5V, the operational
range of the devices. This responsivity value corresponds to
58,125 pA/W pm? when normalized by area. In comparison, Ali-
berti et al. reported a responsivity of 99 uA/W um? at 3V for an
InGaAs MSM optoelectronic mixer with 1 um thick absorption re-
gion [5]. Thus, the proposed SG-OEM devices are predicted to have
approximately 580 times higher responsivity per unit area.

2.2. AC simulation and device modeling

Two major contributors to the SG-OEM’s frequency response
will be base transit time and the junction capacitances of the
base-emitter/collector junctions. A set of small signal simulations
were carried out to determine the total capacitance seen by the
LO signal driving the SG-OEM for both structures A and B, with
doping profile #2 and base thicknesses of 600 nm and 800 nm. Ta-
ble 3 lists the device dimensions used for these simulations. The
small signal superimposed on the DC bias has a frequency of
1 MHz. Simulations were carried out for dark conditions, and under
an optical illumination of 1 mW/cm?.

Fig. 7 shows total capacitance versus bias voltage of the two de-
vice structures. The total capacitance seen at the terminals for de-
vices A and B are about 7 fF and 2.5 fF at zero bias and dark
conditions, respectively, which decreases in all four devices as
the bias voltage increases. This is due to the decrease of reverse
biased pn junction capacitance with increasing bias voltage:

C— N gNp Ecépérc 2)
2(Nagés + Npecéec) (Vi + Vi)

where N g and Np gc are the doping density of base and emitter/col-
lector, respectively, ¢g is the relative permittivity of the InGaAs base
and é&gc that of the InP emitter/collector, V},; is the built-in barrier, Vg
is the bias voltage and q is unit charge. The peak at 4 V for the struc-
ture A device with 600 nm base width is due to punch-through
breakdown, consistent with DC responsivity simulations. The total
capacitance decreases slightly with increasing base thickness. This
dependence on the base thickness is weakened by the emitter-side
highly doped interface layer for structure A, which reduces the
extension of the depletion region into the emitter/collector layers,

= Doping profile 1
==Doping profile 2
50 - |*=='Doping profile 2

-
=3

Responsivity [A/W]
g

X3
<

10

L L L 1
1] 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Bias Voltage [V]

Fig. 6. Responsivity of structure A as a function of the doping profiles given in Table
1. Base thickness is 800 nm.

Table 3

Device dimensions used in the simulations.
Parameter Size (um)
Inner mesa 16
Outer mesa (bottom contact) 30
Top contact width 12
Top contact metal width 14
Bottom contact width 2
Bottom contact metal width 5

| == Structure A 600nm base without optical input
. ~G—Structure A 800nm base without optical input
===:Structure A 800nm base with optical input
= =Structure B 600nm base without optical input
—+—Structure B 800nm base without optical input
——Structure B 800nm base with optical input

Capacitance [F]

0.5 1 1.5 2 25 3 3.5 4 4.5 5

Bias Voltage [V]

Fig. 7. Total capacitance of structure A.2 and structure B.2 as a function of base
thickness.

and thus leaves the capacitance almost unchanged with the varia-
tion in the base width. Also displayed in Fig. 7 are the simulated
capacitance curves of 800 nm base width devices, under an optical
illumination of 1 mW/cm? Capacitance values shift upwards
approximately 0.3-0.5 fF under illumination. Structure B devices
will provide a better frequency performance, due to their lower
overall capacitance.

Fig. 8 shows the equivalent circuit model for the two terminal
symmetric gain optoelectronic mixer. The current source repre-
sents the photocurrent (#P,p). The forward and reversed biased

(2010), doi:10.1016/j.s5e.2010.07.003
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Fig. 8. Equivalent circuit model of an SG-OEM device.

Jjunction capacitances are represented by C, and Cg, respectively.
The resistor ry represents the Early effect. The series resistances
of the top emitter/collector layers are represented by ry, and that
of the bottom by rp.

For structure B, doping profile 2, the total capacitance seen
between the two terminals at OV bias is calculated to be
2 x 107" F/um using Eq. (2), while the simulation result is
2.4 x 107'° F/um. The discrepancy is mainly due to the highly con-
ductive contact layers, which cause a narrowing of the depletion
region in the emitter/collector layers. The top layer series resis-
tance, rr, is dominated by the heterojunction formed by the n++
InGaAs/N++ InP contact layers. The current mechanism through
this barrier is tunneling (field emission), as the two layers are
highly doped (10'° cm~3 and 10'® cm~3, respectively). This resis-
tance is predicted to be approximately 260 Q pm. The bottom
layer series resistance, rg, is dominated by the narrowing of the
contact layer after the mesa etch step. At high current levels, when

current crowding in the narrowing contact layer becomes an issue,
this resistance is predicted to be approximately 5.7 kQ pm, assum-
ing the contact layer is etched mid-way. This resistance will be
dependent on accurate control of the inner mesa etch step in the
device fabrication process.

3. Conclusion

InP/Ing 53Gag.47As based SG-OEMs are a promising replacement
for Ings3Alg4sAs/Ing53Gag47As SG-OEMs, due to reduced defect
densities in the materials, and being less susceptible to the Early
effect and punch-through break down. Two-dimensional device
simulations were used to optimize device structure over base
width, base and emitter doping, and emitter/base interface layers.
It was determined that highly doped interface layers caused an in-
crease in dark current and device capacitance and also lowered the
base punch-through breakdown voltage. An optimized device
structure was ordered for material growth and device fabrication,
to be presented in a future publication.
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