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In this paper, the positive influence of a uni-traveling-carrier (UTC) structure to ease the contract between the respon-
sivity and working speed of the InP-based double hetero-junction phototransistor (DHPT) is illustrated in detail. Different
results under electrical bias, optical bias or combined electrical and optical bias are analyzed for an excellent UTC-DHPT
performance. The results show that when the UTC-DHPT operates at three-terminal (3T) working mode with combined
electrical bias and optical bias in base, it keeps a high optical responsivity of 34.72 A/W and the highest optical transition
frequency of 120 GHz. The current gain of the 3T UTC-DHPT under 1.55-um light illuminations reaches 62 dB. This
indicates that the combined base electrical bias and optical bias of 3T UTC-DHPT can make sure that the UTC-DHPT
provides high optical current gain and high optical transition frequency simultaneously.
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1. Introduction

Hetero-junction phototransistors (HPTs) have attracted
much attention because of their potential benefits in optical
fiber communication and in millimeter-wave radio-over-fiber
(ROF) systems.
the high-performance photo-detector part but also amplify or

In ROF systems, HPTs not only serve as

mix microwave or millimeter-wave sub-carrier.[!=3] Most of
the HPTs reported in the past two decades were fabricated us-
ing the AlGaAs/GaAs, InGaP/GaAs or InP/InGaAs material
structures, and always had one or two hetero junctions with the
base region, the base/collector depletion region and the collec-
tor region as the absorption area. In the depleted zone between
the base and collector, electron—hole pairs were generated and
separated. The optic generated holes dismissed/drifted slowly
from collector to emitter, which restricted the device high
frequency performance and thus the photoelectric response
speed.[+7]

The uni-traveling-carrier (UTC) idea was first proposed
and applied to a photo-detector (PD) to make only one carrier
(the electron) across the base and collector junction area. 8121
UTC-PD had a faster response speed, higher saturation cur-
rent, and wider linear dynamic range than the traditional PD
detector. Recently, there were several reports on applying
the UTC idea to an InP-based hetero-junction phototransis-
tor (HPT).[!3:14 However, the main work focused on structure
optimization based on a two-dimensional (2D) simulation and
some elementary experiments. Since the UTC structure is ex-

DOI: 10.1088/1674-1056/24/4/048504

pected to greatly improve the performance of HPT, it is neces-
sary to further study the working mechanism and optimization
of UTC-DHPT deeply.

In this paper, the UTC-DHPT working mechanism and
the positive influence of UTC structure on HPT performance,
including optical responsivity and optical transit frequency,
are illustrated in more detail. UTC-DHPT performances under
different electrical biases, optical biases and combined elec-
trical and optical biases are shown and analyzed to make the
UTC-DHPT achieve high optical current gain and high opti-
cal transit frequency simultaneously. The rest of this paper is
organized as follows. The device structure of UTC-DHPT is
described in Section 2 and also the positive influence of UTC
structure on UTC-DHPT performance is illustrated in this sec-
tion. In Section 3, the direct current (DC) characteristics and
high-frequency characteristics of a 6 umx1 um UTC-DHPT
under different biased conditions (electrical bias, two-terminal
working mode, and three-terminal working mode) are shown
and analyzed to achieve high optical current gain and high
optical cut-off frequency simultaneously. Finally, the conclu-
sions are given in the last section.

2. Working mechanism of DHPT with UTC
structure

2.1. UTC-DHPT device structure

The device structure schematic and structure parameters
of InP/InGaAsP UTC-DHPT are given in Table 1 and Fig. 1
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respectively. High doping Ing 53Gag 47As material is used as
an n-type ohmic contact layer, and high doping InP mate-
rial is used as an n-type cover layer. A middle doping InP
material is used as an emitter, a high doping InGaAsP layer
with a band energy of 0.80 eV is used as a base and a mid-
dle doping InGaAsP layer with a band energy of 1.12 eV as
a collector and sub-collector. There are two thin InGaAsP
layers used as transition layers for reducing the energy gap
in the collector/base junction. The use of the medium dop-
ing wide-gap emitter and high base doping levels results in a
small base-capacitance. This UTC structure forms two hetero-
junctions respectively at the emitter/base junction and collec-
tor/base junction, which differs from the conventional single
hetero-junction HPT (SHPT) in which the Ing 53Gag 47As is al-
ways employed as both base and collector. Thus, in the UTC-
DHPT structure, only the highly doping InGaAsP (0.80 eV)
base region is used as an optical absorption layer, while the
collector together with the sub-collector are used as the col-
lection region.

Table 1. Epitaxial-layer parameters of the UTC-DHPT.

Layer Material ~ Doping/cm—> Thickness/nm Bandgap/eV
Ohmic contact n*:InGaAs 10" 100 0.75
Cover layer n":InP 10 1800 1.35
emitter n:InP 10" 50 1.35
base pt:InGaAsP 10'8 100 0.80
" p~:InGaAsP 1015 10 0.80
transition layer ~_ s
n~:InGaAsP 10 10 0.88
collector n~:InGaAsP 106 400 1.12
sub collector n*:InGaAsP 1019 1000 1.12
buffer n*:InP 10" 500 1.35
substrate n*:InP S.1 1.35
Pt/Au
light nt InGaAs Ohmic
contact layer
Pt/Au nt InP cover layer
‘ nt InP emitter

pt InGaAsP base

i InGaAsP transition layer

n-InGaAsP collector

nt InGaAsP sub collector

nt InP buffer layer

S.I. InP substrate

Fig. 1. Device structure of the UTC-DHPT.

2.2. Working mechanism of UTC-DHPT

As illustrated in Fig. 1, the incoming light of 1.55 um is
injected into the exposed base mesa from a 6 umx 1 um opti-
cal window to avoid additional light power loss from contact

layer absorption. The incident radiation on the UTC-DHPT
penetrates through the top surface of the base and is absorbed
in the base region. Electron—hole pairs are generated and sep-
arated only in the p-doped base region because a wider en-
ergy band in the collector ensures the incoming light trans-
ports through the collector with less or no absorption, which is
different from the combined absorption in the base and collec-
tor region in conventional SHPTs. The parallel electric field
dependence formula and the Shockley—Read—Hall model are
used to simulate the mobility and recombination of carriers
respectively, with the effect of velocity saturation on mobil-
ity, Auger recombination, bandgap narrowing, Fermi-Dirac
statistics, and impact ionization further taken into account.
The energy band diagrams of the UTC-DHPT in the dark and
under light with V. =2 V are shown in Fig. 2. The photo-
generated electrons diffuse across the p™-InGaAsP absorption
layer into the adjacent totally depleted n-InGaAsP collection
layer, where they are swept by the reversely enhanced elec-
tric field to form the initial electron photocurrent. The photo-
generated holes, as the majority carrier in the base, relax fast
toward the emitter and accumulate at the base/emitter hetero-
interface and then lower the base-emitter barrier potential,
which allows a large number of electrons to be injected from
the emitter to the collector and amplifies the initial electron
photocurrent.!* A great photocurrent gain can be achieved by
this process. The phototransistor optical responsivity (A/W) is

calculated to bel!d!

Yurc—DHPT = Ip/Popts ()

where Py is the power of the optical beam and I, is the output
current of the UTC-DHPT.

nt InP
emitter

Fc R ..

nt InGaAsP
sub-collector

nt InP
cover layer

Ey n~ InGaAsP collector

Fig. 2. Energy band diagrams of the UTC-DHPT in the dark and under light.

Note that the HPT is also characterized as a heterojunc-
tion bipolar transistor (HBT) with the photocurrent as base
bias. Its optical transition frequency (ft) can be expressed

aS[lS]

fr=1/20Te, )
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where 7 is the total emitter-to-collector signal delay time and
is expressed as

Tec = Tte + Tp + Toh + Td + Tc + Tic. 3

Here, # is the emitter depletion layer charging time, 7,
is the base transit time, 7.}, is the optical generated hole tran-
sit time, 74 is the collector depletion layer transit time, 7. is
the RC time constant of the collector junction, and T is the
collector depletion layer charging time.

In conventional SHBT, 7, is expressed as

Ton = (Wa +We)?/2DpE, 4

where W + W is the optical-generated hole diffusion dis-
tance, and Dpg is the hole diffusion coefficient. 7., is dom-
inated in the total carrier delay time because of the hole slow
Fortunately for the UTC-DHPT, the
photo-generated holes move in a dielectric relaxation process

diffusion coefficient.

from the base toward the emitter, which is faster than hole
diffusion-drift movement in conventional SHPTSs.

For a base uniform doping UTC-DHPT, the base transit
time is expressed as

Ty = W3 /2Dy, Q)

where Wy is the base width and D, is the elctron diffusion co-
efficient. Because there is only one carrier (electron) diffusing
fast across the base area, the high electronic mobility leads to
an extremely short 7, and helps to improve the DHPT working
speed.

Te and Ty, which become dominated when HPTs deal
with high frequency signals, are always expressed respectively
as

Tte = kTCTE/CIIo (6)
T = kTCrc/qlc, @)

where Ctg is the emitter transition capacitance, Crc is the col-
lector transition capacitance, Ty o< Ctgo/Jc, CrEo is the emitter
transition capacitance per unit area, Ty < Crco/Jc, and Crcg is
the collector transition capacitance per unit area. For a UTC-
DHPT and an SHPT with the same size, the UTC structure
is of benefit to increasing the collector current and therefore
the collector current density, as illustrated in detail in the fol-
lowing section. Thus it will reduce the charging times in the
emitter/base junction and collector/base junction.

74 is derived from the net space charge along with the
change of collector current in the space charge area of the col-
lector junction. Lower doping concentration of the collector
region is conducible to optimizing 7q4. 7. is proportional to the
electrical resistivity and transition region capacitance per unit
area as well as the width of the collector region. Therefore, 74
and 7. have weak dependences on UTC structure.

3. High speed response and discussion

The UTC-DHPT can operate under two working modes,
i.e., the 2T working mode with an optical bias in the electri-
cal floating base and the 3T working mode with a combined
electrical and optical bias in the base. The dependences of I,
on the incident light intensity of both UTC-DHPT and SHPT
are shown in Fig. 3. The optical beam having a light intensity
in a range from 0 to 1000 W/cm? is injected into the electrical
floating base with the collector biased at V. =2 V. The UTC-
DHPT is more suitable to dealing with a large-power light
signal because the light-power intensities for UTC-DHPT and
SHPT to become saturated are 300 W/cm? and 100 W/cm?
respectively. The optical responsivity Yurc—pupr of UTC-
DHPT is equal to 34.72 A/W according to Eq. (1). We also
simulate the UTC-DHPT optical response under 3T working
mode and obtain the same results because there is a voltage
source applied in the base. Figure 4 shows the optical I-V
characteristics of UTC-DHPT and SHPT. It is apparent that
the UTC structure makes a larger current gain than the SHPT
structure. The reason is that the movement of an optical-
generated hole in UTC-DHPT is accompanied with very fast
dielectric relaxing and then makes a larger number of electrons
enter into the base from the emitter in the same time period.
This process results in higher emitter injection efficiency and
a higher photocurrent gain.
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Fig. 3. Variations of collector current of the UTC-DHPT and SHPT
with incident light intensity.
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Fig. 4. Output characteristic of the UTC-DHPT.
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The dependences of transition frequency fr on I for 2T
UTC-DHPT and 3T UTC-DHPT as well as the UTC-DHPT
working as double heterojunction bipolar transistor (DHBT)
are shown in Fig. 5. The dependences of the short circuit cur-
rent gain (g ) on frequency in these three operating conditions
are shown in Fig. 6. All the collector biases in those three op-
erating conditions have the same V.. = 2 V. Simulation results
of the conventional SHBT and SHPT are also shown in Figs. 5
and 6.

A DHBT at electrical bias
120 o oT UTC—DHPT
| ¥V 3T UTC—DHPT
A SHBT at electrical bias
8 80F 5 opsHPT
© [ wvsrsupT
£
40}
0 1L 1L L
106 104 102 100 102

Collector/mA

Fig. 5. (color online) Dependences of fr on I, of UTC-DHPT under 2T
and 3T working modes.

The curves in Figs. 5 and 6 show that when the DHPT
is used as an electrical device, the transition frequency fr
of the DHBT reaches a maximum value of 115 GHz as I
is about 1.6 mA. When the DHBT operates at a common-
emitter configuration with biasing conditions at V.. =2 V and
Woe = 1.135 'V, the short circuit current gain hg, of UTC-DHBT

reaches 42 dB with a collector biasing current (/) of 2 mA.
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Fig. 6. (color online) Short current gain dependences on frequency of
UTC-DHPT under 2T and 3T working modes.

The UTC-DHPT under 2T UTC-DHPT working mode
operates by biasing the c—b junction negatively at Ve =2 V
with the optical injection of 1.55-pm light into the base region.
Maximum optical transition frequency fr of UTC-DHPT is
about 80 GHz when I; is about 24 mA, while the maximum

hg increases to 73 dB with a collector biasing current (/) of

4 mA. The attenuation of fr compared with the electrical bi-
ased DHBT results from the increases in emitter diffusion ca-
pacitance Cpg and transition capacitance Ctg as well as col-
lector junction capacitance C,. because the optically gener-
ated electrons and holes in the p-doped base region have a big
influence on the inner carrier transportation. But the maxi-
mum f1 of UTC-DHPT is still larger than that of conventional
SHPT (about 60 GHz)['®) because the UTC structure breaks
the speed limitation from slow mobility of holes. Therefore
the UTC-DHPT has excellent frequency characteristics com-
pared with the conventional SHPT. At the same time, maxi-
mum A of UTC-DHPT also benefits from UTC structure as
illustrated above.

When the UTC-DHPT operates at the 3T working mode
with the combined electrical bias and optical bias in the
base, maximum optical transition frequency fr increases to
120 GHz at a collector biasing current of 30 mA and maxi-
mum hg of the UTC-DHPT reaches 62 dB when the collector
current is 7 mA (Ve =2 V, Vpe = 1.135 V). This indicates
that the combined base electrical bias and optical bias in 3T
UTC-DHPT can make sure that the UTC-DHPT provides high
optical cut-off frequency and high optical current gain simul-

taneously.

4. Conclusions

In this paper, the positive influences of UTC structure
on HPT optical responsivity and high frequency characteris-
tics are analyzed in detail. Benefiting from the single elec-
tron transportation of UTC structure, its optical responsivity
reaches 34.72 A/W under the 2T working mode, and the max-
imum ft and maximum hg of 2T UTC-DHPT under 1.55-pum
light illumination reach 80 GHz and 73 dB respectively, which
are higher than those of a conventional single hetero-junction
HPT. When the UTC-DHPT is biased by the combination of
electrical biasing and optical biasing in the 3T working mode,
a maximum cutoff frequency fr of about 120 GHz and a max-
imum current gain hg of 62 dB are obtained, which proves
that 3T UTC-DHPT can achieve a high working speed and a
high optical current gain simultaneously. Therefore the UTC-
DHPT designed in this paper exhibits the enhanced electri-
cal and optical characteristics compared with the conventional
single hetero-junction SHPT, and the 3T UTC-DHPT paves
the way for future high-speed InP-based optoelectronic inte-

grated circuits.
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