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ABSTRACT

The uni-traveling-carrier photodiode (UTC-PD) is a kind of pin junction photodiode that selectively uses electrons as active carriers.
The diode structure has a relatively thin p-type absorber where electrons are generated as minority carriers, and then they diffuse and/or
field-accelerate toward the collector. Since the electrons travel in the depleted collector at a ballistically high velocity, the photoresponse
performance of a UTC-PD is superior to that of a conventional pin-PD. In this tutorial, the basics of the current response in a UTC-PD,
the electron transport in the p-type absorber, and the performance of a terahertz-wave UTC photomixer, as a representative, are described.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128444

I. INTRODUCTION

Any systems that handle high-speed optical signals commonly
use junction-based photodiodes as detectors. At the photonic front
end of communication systems, for example, the electrical postam-
plification of the photodetector output tends to limit the receiver
performance in terms of frequency response and noise. Even in the
existing highest speed fiber-optic transmission systems with a baud
rate of several 10 gigabits per second, such a situation may not
have been changed. Consequently, because the operation speed of
optical receivers has been limited by electronic circuits, critical
design optimization for a photodiode structure, typically of a
pin-photodiode (pin-PD), has not been needed.

In a broader sense, however, an optical receiver can also be
configured by replacing an electronic postamplifier with an optical
preamplifier, provided that a photodiode has sufficient output line-
arity and dynamic range. Because a photodiode has no amplifica-
tion process, it can potentially operate faster than a transistor
circuit, and a photonic receiver using an optical amplifier has a
broader bandwidth than that using an electronic one. In 1997, it
was demonstrated that a newly designed photodiode, the
uni-traveling-carrier photodiode (UTC-PD), could operate faster
and with much wider output linearity simply by excluding the hole
transport contribution to the diode operation." Experimental results
on a UTC-PD confirmed that the electron transport in the device is
quasiballistic or in velocity overshoot when the bias voltage is kept in
a low range."™'* The importance of such a nonequilibrium trans-
port in a photodiode structure was first pointed out in these work,
though similar structures had been reported before."™

Modification of the UTC-PD structure by combining depleted
absorbers (hybrid absorber, dual absorber, partially depleted
absorber, etc.) has also been reported.7‘IS This modification of
hybrid absorbers is effective in terms of mitigating the trade-off
relation between bandwidth and efficiency. In other words, the
modified photodiode design can maximize efficiency for a certain
required bandwidth, which has been discussed in detail in Ref. 14.
One of the most valuable applications of UTC-PDs is photonic
millimeter-wave and terahertz (THz)-wave generators known as
“photomixers.”' ' UTC-PDs have also been used in many applica-
tions including DQPSK receivers and integrated coherent receivers
(ICRs) for improving sensitivity.'>'” The concept of UTC design
was also incorporated into avalanche photodiodes (APDs), which
are now used in high-speed, high-sensitivity receivers.'®"’

In this tutorial, we first clarify how the UTC-PD operates dif-
ferently from the conventional pin-PD. The carrier transport in the
p-type InGaAs absorber is then discussed in detail, since this is the
key feature of the UTC operation. Monte Carlo simulations were
performed to predict delay time in p-type InGaAs absorbers, where
we focus on the use of a quasifield for electrons. As a case study, a
THz-wave UTC photomixer is described, where we observe the
frequency dependence of THz-wave radiation power reflecting the
nonequilibrium feature of the electron transport.

Il. PHOTORESPONSE COMPARISON OF PIN-PD AND
UTC-PD

Both the pin-PD and UTC-PD are composed of heterostruc-
ture pn junction diodes. As illustrated in Fig. 1(a), the pin-PD has
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a depleted absorber sandwiched by wide-bandgap anode and
cathode layers. The representative UTC-PD structure, Fig. 1(b), fea-
tures a p-type neutral absorber and a wide-bandgap electron collec-
tion layer (collector), where a diffusion block layer on the anode
side of the absorber provides photogenerated minority electrons
with unidirectional flow to the collector. Background majority
holes in the p-type absorber screen following the motion of elec-
trons if the operation frequency of an incident optical signal is
lower than the dielectric relaxation frequency depending on the
hole concentration.”’ Also, the conduction photocurrent is uniform
over the absorber maintaining charge neutrality and current conti-
nuity. In the pin-PD structure, photogenerated carriers are immedi-
ately accelerated in the depletion electric field and the averaged
carrier traveling distance is half of the depletion layer. In the
UTC-PD, in contrast, there is a delay time due to the minority elec-
trons traversing over the p-type neutral absorber, and the traveling
distance is just the depletion width. The key point here is that the
mobility of the minority electrons in direct-gap III-V materials

TUTORIAL scitation.org/journalljap

FIG. 1. Band diagrams of (a) pin-PD

cathode and (b) UTC-PD.

(for example, InGaAs) is high and quasiballistic electron transport
appears in the collector, so the total delay time associated with elec-
tron transport can be reasonably short.

Time domain on-wafer measurement gives more direct infor-
mation of the photodiode behavior explained above, though the fre-
quency domain technique generally gives better accuracy. To
observe the pulse response of a photodiode, a pump-probe electro-
optic sampling (EOS) technique can be used, where the electrical
output signal profile is converted into an optical signal at the
electro-optic crystal placed on the transmission line connected to a
diode output port. Figures 2(a) and 2(b) show the EOS signals
measured for an InP/InGaAs pin-PD and an InP/InGaAs
UTC-PD, respectively, where the InGaAs depleted absorber thick-
ness for the former and the InP collection layer thickness for the
latter are made the same (300 nm). The diode junction areas are
also the same (20 um?®) for the two diode structures. The input
optical pulse intensity was changed from 0.2 to 2.0 pJ/pulse
(FWHM was 400 fs), and the diode bias voltage was Vs =-2.0 V.

(a) 1l (b)
0.2 pJ/pulse

pin-PD 0.5 : paR |
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FIG. 2. Output signals observed by EOS measurement for (a) pin-PD and (b) UTC-PD. In the measurements, bias voltage and effective load resistance were —2.0 V and

25 Q, respectively.
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Since the two 50 © coplanar waveguide (CPW) lines are connected to
the PD output on both sides of the device, the effective load resistance
is 25 Q and the corresponding RC time constant is ~200 fs.

We found that the output signal profiles between a pin-PD
and a UTC-PD are quite dissimilar. In the former, steep (by elec-
tron) and slower (by holes or holes + electrons) components are
seen [Fig. 2(a)]. In this case, the linear response range in the
pin-PD is for an input up to around ~0.4 pJ/pulse. At higher input
levels, the long tail part of the signal further extends, indicating a
growing nonlinearity. When two kinds of conductions couple each
other, the profile cannot be separated into two components in prin-
ciple. In a linear response range, a slower long tail is resulting from
the hole transport. Here, a signal full width as large as 6ps at
0.2 pJ/pulse excitation leads to a calculated average carrier velocity
of ~5 x 10° cm/s, which is close to the hole saturation velocity in
InGaAs. The small signal 3-dB down bandwidth (f3,4p) is, therefore,
dominated by the response of the hole transport. The early sharp
response of electrons does not influence the determination of f345.

The change in the output photoresponse of the UTC-PD
observed under the same input and bias conditions as the case of a
pin-PD is shown in Fig. 2(b). The p-InGaAs thickness was
designed to be 2200 A so as to have a similar small signal band-
width fiz5 (90 GHz) as that of the pin-PD discussed above. In
contrast to the pin-PD, the output signal of the UTC-PD exhibits
no long tails. Moreover, the signal profile does not show any sharp
increase compared to those we have seen in the pin-PD. This is due
to the delay associated with electron diffusion in the p-InGaAs
absorber, in which velocity by thermal motion is relatively slow. In
addition, the electron traverse distance is doubled compared to a
pin-PD. At optical input levels of up to around 1.0 pJ/W, no signifi-
cant change in the output signal width is observed. The nonlinear
behavior appears at the higher input levels simply as pulse broad-
ening of output signals. This kind of output saturation is similar to
the “Kirk effect” well known in bipolar transistors. It is also inter-
esting to see that the signal fall time after the pulse broadening
does not become large.

In general, the nonlinear effect originates from the space
charge accumulation that modulates the field and potential profile
of the depletion layer. Since holes do not participate in this phe-
nomenon in a UTC-PD, the carrier transport there becomes much
less complicated. A key point here is that an electron is much more
mobile than a hole by a factor of 10 (due to ballistic velocity) to 20
(as mobility ratio), which makes the electron charge accumulation
much weaker than the hole charge one. This is the basic reason for
the better output linearity of the UTC-PD. From the power spec-
trum of a pulse signal, an effective number of f;,5 can be calculated
even in the nonlinear output range. Such f345 of a pin-PD shows a
significant decrease with increasing optical input due to the
growing long tail portion. In contrast, UTC-PDs provide a much
higher output without losing bandwidth.

I1l. TREATMENT OF CURRENT COMPONENTS IN A
UTC-PD

Prior to a detailed discussion on electron transport in the
p-type neutral absorber, we consider how the output is related
to the electron and hole current components in a UTC-PD.

TUTORIAL scitation.org/journall/jap

The minority electron flow, carrier distributions, and current com-
ponents are schematically depicted in Fig. 3, where electron hole
pairs are assumed to be excited by a sinusoidal generation rate
G.(®) uniformly over the absorber with a thickness of Wyy. The
flow of photogenerated minority electrons, which is blocked at the
diffusion block layer on the anode side, produces a unidirectional
current. The signal perturbation rate 1/w is usually slower than the
dielectric relaxation time in a highly doped p-type absorber. In this
case, the absorber photocurrent J4n(w), which is the sum of minor-
ity electron current J(w) and background hole current J,,(w),

Jan(@) = Je(@, x) + Jn(@, x) = —qGe(®) X Ran(@), (1)

is uniform over the absorber,”” where R n(®) is the frequency
response of the absorber current determined by the minority elec-
tron transport. The electrons can flow even without a field, which
gives a diffusive current that linearly increases with position x.
Here, in order to have hole current J,(®, x) in Eq. (1), it needs a
“self-induced field” for hole drift motion. The presence of this
self-induced field was confirmed for uniformly doped p-type
absorbers.”' The electrons injected from the absorber edge propa-
gate in the collector with velocity v,(x), and the total current is the
sum of this conduction and displacement current,

) OE¢(w, x)
Jeco(@, %) = Jan(@) % expljolt — ()] +es— 5~ (22)
(@) anode Jan(@) cathode
5 .
g O & 0+——r/—\_/ .
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FIG. 3. Minority electron flow (a), carrier distributions (b), and current
components (c).
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Here, the delay time ¢ (x) required for electrons to propagate
to a position x is a function of v,(x) and given as

#(x) :J ve(y) " dy. (2b)
0

Diffusive motion of electrons during the propagation that
reduces the current amplitude J4n(w) is not considered here. The
collector current is then calculated by integrating J.c,i(@,x) over the
collector (W¢) as

1 (Ve
]cOzz(a))ZW—ANJ0 Jecon(@, x)deJAN(w)RcOzz(w)+€sWC FTE

(©)

where Rc,;(@) is the frequency response of the collector conduction
current, and V(o) is the voltage drop over the collector. Because
the amplitude and phase differ between injection current Jsn(w)
and collector conduction current J4n(@)Rcn(®) = Jo(w), an addi-
tional current term ]adj(a)), which was missing in earlier treatment,’
must be present in order to satisfy the current continuity, as

@’j; Van(@) + Jugi(©)
= Jo(w) +";’V—€; Ve(o), (4)

Jiot(@) = Jan(@) +

assuming Vyn(w) is the voltage drop in the absorber layer. The
amplitude of Jo(w) is smaller than that of Jyn(@), and Jug;(w) flows
oppositely to Jun(w). At the same time, this J4(w) partially
induces Van(w). To ensure zero terminal voltage in a short circuit
condition, it must hold the balancing

JoeE;
2y = —
Wy AN(@)

JWE

We Ve(o). ©)

This means that V(w) depends on V,n(w), which is deter-
mined by Jun(®), Jaqj(®), and absorber resistance R4. Then, the
output is modulated through the term ja)es(WEl) Vc(w) in Eq. (4).
At the low frequency limit, J4n(®) is equal to Jo(w). This situation
is mostly established in a high-speed UTC-PD operating at
frequency < f345; then, the adjustment current is approximated as

Jwe

Jadj(@) = =2 WA; Van(®). (6)

Assuming |J4n(@)| > |Ja4;(®)| under a condition of sufficiently
small Ry, Eq. (6) is deduced to

R
% = —jwCanRaJaN(0) = —joT,4]an(®) .

@)

J0%s Jan (@)

(W)~ -2
]ud](w) Wan

The adjustment current time constant 7,5 is as short as
several 10fs; for example, in a p-InGaAs absorber with
R, =2.6%10"" Q cm? estimated for W, = 100 nm and p= 10"%/em?®.

TUTORIAL scitation.org/journall/jap

In this case, the w7,,; value becomes >1 for a frequency higher
than ~1.5 THz.

Consequently, for a UTC-PD with a low resistive p-type
absorber, the response deterioration associated with collector
displacement current —(jwe/Wc)Ve(w) can be ignored, and the
response is approximated simply to J4n(®)Rcu(@) as

Je(w) = Jan(@)Reon(®) = —qG.(®) X Ran(@)Reon(@).  (8)

Of course, to suppress the influence by —(jwe/Wc)Vc(w), the
absorber may be thinner, more heavily doped, and/or graded
doped without reducing the thickness Wyy.

IV. ELECTRON TRANSPORT IN A UTC-PD
A. Monte Carlo simulation

In the equilibrium (or steady state) condition, the photores-
ponse of a small-scaled diode can behave differently from that pre-
dicted by a drift-diffusive model where the carrier mobility .,
diffusivity D,, and carrier velocity v, are treated as local parameters.
In an actual high-speed photodiode, electron transport can be far
from the equilibrium condition, and thus, “carrier saturation veloc-
ity,” v,, at a high field has little meaning. In this section, we focus
on nonequilibrium electron transport in a UTC-PD.

To investigate the electron dynamics in a UTC structure, we
utilize Monte Carlo simulation. Here, the electron state is deter-
mined by repeating scattering and acceleration during a free flight
time 7 as

8ke(h/27) = —qFty;, &)

where k, is the wavevector of the electron state. In this calculation,
each 74 is obtained from the exponential probability distribution
function under a given total scattering rate and quasirandom
number. After the acceleration, electron velocity is then calculated
as group velocity for new k,,

velke, t) = (2/h)dEy /dk.. (10)

taking the band nonparabolicity into account. The scattering mode
and scattering angle are also determined by using second and third
random numbers. In this calculation, electron scattering mecha-
nisms of only the LO-phonon, acceptors, and heavy holes are
incorporated. Hole plasmon (HP) scattering was not taken into
account due to its low scattering rate. The reason for the low scat-
tering event is its smaller HP wavevector compared to Debye wave
number and low HP energy. For simplicity, heavy holes are treated
just like screened donors. We compared the simulated low field
mobility values to reported results modeled by incorporating polar
optical phonon-plasmon coupling”” and found that the present
calculation still has a similar variation with the acceptor doping
level for a doping range of up to the middle of 10'®/cm? (Fig. 4).

B. Carrier excitation, relaxation, and acceleration

When minority electrons flow diffusively in a p-type neutral
absorber, the carrier temperature, or their average energy, is impor-
tant. Depending on their initial energy distribution, electrons can
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FIG. 4. Comparison of simulated minority electron mobility in p-InGaAs.

transiently become hot or cool both relaxing to equilibrium energy.
Moreover, how the initial condition influences the total delay time
will vary with the absorber structure. Pulse photoresponse is used
because simulating it takes less time than simulating the continuous
wave (RF) response. When electrons are excited by absorbing the
incident photons, the momentum conservation is not conditioned,
since the absorber dimension and electron mean free path are
shorter than the excitation wavelength. The probability
Pexc(Ee, Eexc) for electrons positioned at energy E, is assumed to be
proportional to the coupled density of states,

Pexc(Eex Eexc) = Cl [Ee(Eexc - EG) - E§]> (11)

where Eg, E,, and C; are the bandgap energy, optical excitation
energy, and a constant, respectively. After determining the electron
energy, the wavevector of the electron is randomly distributed.

TUTORIAL scitation.org/journalljap

First, we examine the behavior of minority electrons in a
p-InGaAs when they are optically excited in a space without struc-
ture (no boundary conditions). Figure 5 shows the simulated tem-
poral changes in the average energy of electrons (E,(f)) in
uniformly doped p-InGaAs (1 x 10'®/cm®) excited at 1300-nm,
1550-nm, and 1625-nm wavelengths. The energy relaxations
happen over time (0.5-1 ps) so that the systems will settle to those
in the equilibrium level (1.5k5T). In the case of 1300-nm excitation,
the electron energy distributes initially from 0 to 200 meV with a
mean energy of 100 meV. In a period of 1ps, an electron experi-
ences roughly twice as many phonon absorptions and six times as
many emissions in probability. Thus, the net cooling rate is equiva-
lent to four times the LO phonon energy 4 x (h/2m)w;o =132 meV,
which is comparable to the initial mean energy. This is the reason
for the relatively slow cooling process. Just after the excitation, the
diffusion motion of these “hot” electrons can become faster than
that in equilibrium. Therefore, the excitation wavelength should be
considered when optimizing the UTC structures.

Figure 6 plots the group velocity v.(k) of electrons 200 fs after
the 1550 nm excitation in a structure with a p-InGaAs layer
(Wany=100nm, p=1x 10'%/cm®) and  depleted  collector
(Wp=200nm). The blue dot shows individual electron group
velocity v,(k) simulated for 20 000 particles. In the present simula-
tion, I to satellite valley transition is not considered here because
I'- to L-valley separation energy is as high as 800 meV. The average
electron velocity (v.(k)) in a spatial partition of 5 nm is also shown.
The collector is assumed to be made of InGaAs for simplicity with
its field intensity of 30 kV/cm. At 200 fs after photoexcitation, elec-
trons mostly remain in the p-InGaAs absorber with random veloc-
ity directions. At the same time, some electrons are found to be
ballistically driven by field and some particles are already close to
the anode layer, though the averaged group velocity increases more
slowly. This simulation example indicates that the traveling velocity
in the collector is very high and the absorber traveling time tends
to dominate the total delay time in a UTC-PD structure. The satu-
ration tendency of the ballistic velocity occurs due to reduced accel-
eration originating from the band nonparabolicity. When a high
diode bias voltage is applied, I to satellite valley transition reduces
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electron velocity, showing a velocity overshoot.”” Therefore, small
bias voltage is essentially important in maintaining fast response in
a UTC-PD structure.

In Eq. (2a) before, we assumed that electrons propagate in the
collector ignoring their diffusive motion. It is found in Fig. 6 that
individual v,(k) distributes very widely and the condition of
“no-diffusion” seems to be broken. However, the curve of averaged
one (v,(k)) is close to the ballistic line, and thus, such assumption
can be used. At the absorber-collector layer boundary, simulated
(v.(k)) is 2.6 x 107 cm/s that coincides with twice the value (= value
for the hemi-Maxwellian) of the thermionic emission velocity,
v = (kgT/2m, )" Although (v,(k)) is high at the boundary, it is
quite low in the p-InGaAs layer compared to that in the collector.

C. Incorporation of quasifield by graded doping

We next examine how the velocity profiles and absorber delay
times differ among uniform doping and graded doping structures.
An InP/InGaAs UTC-PD performs better when it incorporates a
quasifield in the p-type absorber tailored by a graded doping as
illustrated in Fig. 7(a). When the doping level changes with depth,
a quasifield F,,; that accelerates minority electrons can be gener-
ated, though the majority holes do not benefit from it due to their
backward diffusion motion. Change in background doping by one
decade can induce about 60 meV (6 kV/cm over 100 nm) at room
temperature. Since the minority electron mobility is high (e.g.,
Ue=2600cm*/V's at p=1x 10"%/cm®), the drift velocity v;=pu,.
Fauasi can be effectively high. In the modeled quasifield structure,
the doping level was exponentially graded over W,y changing from
2% 10"/cm? (collector side) to 6 x 10'%/cm® (anode side). Taking
the bandgap shrinkage dependence on the doping level into account,
Fauasi was calculated as 7.3 kV/cm at the collector end and decreased
to 3.9kV/cm at the anode end. Figure 7(b) shows the velocity profiles
of two kinds of structure at t = 200 fs after the carrier excitation, where
the velocity profiles in the absorbers are already in the stationary state
regardless of the number of remaining electrons. First, at the absorber-
collector boundary, values of (v.(k)) are 2.6 x 107 and 4.1 x 107 cm/s
for the uniformly doped and quasifield structures, respectively. Inside
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FIG. 7. InP/InGaAs UTC-PD incorporating a quasifield (graded doping) in the
p-type absorber (a) and velocity profiles for two kinds of structures at t =200 fs
after carrier excitation (b).

the absorber, more importantly, a significant difference in (v,(k))
exists. This is the reason for much faster photoresponse realized in a
graded doping structure. We also see that the velocity decreases
considerably toward the anode. The question is, then, how does
the quasifield accelerate the electrons? The minority electron mobility
U, simulated by using the same scattering rates is as high as
2600 cm?/V's for p=1x 10'8/cm’. Simply estimating a drift velocity,
Vde= UeFauasi is deduced to 1.9 x 107 cm/s. This value, UeFguas < 2V
means that the diffusion mechanism still helps electrons to be swept
to the collector. The momentum relaxation time 7, evaluated by f, is
62 fs. Without diffusive motions, the electron drift velocity increases
with a time constant 7,, and saturates at v,. The electron velocity
profiles shown in Fig. 7 are at a time 200 fs after excitation, and thus,
they are in stationary condition. Consequently, low electron drift
velocity on the anode side <u.Fg.q is found to be resulting from
diffusive current component flowing in the reverse direction to that of
photoresponse current.

V. ABSORBER DELAY TIME

In evaluating the photoresponse speed of electron motion in a
p-type absorber, we introduce the absorber delay time 74. The total
electron charge in the absorber Q4 is assumed to change with a
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time constant 7, as

d& = — Qu/7a + qG.(1),

at (12)

where G,(t) is the carrier generation rate. For the pulse response
with G,(t) =0 at >0, the charge variation q_ldQA/dt is equal to
the rate of electron flow to the collector. While this assumption
may seem simple, it well approximates the response for a case when
Jan(t) has a similar phase with that of Q,4.”* Furthermore, this case
provides a frequency response for a carrier generation of G.rp

Jan(@) = —qGerpRan (@) = —qGerp(1 +ijA)7l~ (13)

To suppress the noise associated with the number of particles
in Monte Carlo simulation, it is better to use pulse response, where
Q4 can change with time having a simple form as

Qa(t) = Qag=0) exp <— %) . (14)

If a simulated charge variation fits an exponential time depen-
dence, it indicates that the photocurrent response was well approxi-
mated by Egs. (12) and (13). In fact, the good fitting conditions
were achieved. Figure 8(a) shows the variation of 7, with p-InGaAs
thickness W, obtained by fitting an exponential curve to the sim-
ulated Q4 variations by Eq. (14). Here, two kinds of p-type
absorber structures, uniform doping and graded doping (quasifield
structure), are investigated. We found that the graded doping struc-
ture has a considerably smaller 7, than the uniform doping struc-
ture by a factor of 2-4 in the calculated W,y range. At
Wun=100nm, for example, the graded doping structure gives
74 =0.39 ps, which is 37% that of a uniform doping structure.
Because the quasifield structures have steeper 7, vs W,y variation,

the benefit of the quasifield structure is more pronounced in a
smaller Wy This advantage in 74 directly reflects on the respon-
sivity. Namely, for requested bandwidth, the responsivity can be
largely improved.

What is happening in the uniformly doped structure? If the
delay time is dominated by the simple diffusive process with local
diffusion velocity v.(x) < v, 7a should be proportional to Wan
while the 74 curve obtained by simulation varies, which is propor-
tional to Wn'?. On the other hand, at the “no scattering” limit, 7,
is given by W,n/2vy,, because half of the electrons excited in the
absorber traverse with velocity 2v,, and the other half with —2v,,.
Therefore, in the W, range simulated here, the electron transport is
not of simple diffusion; rather, they tend to be swept to the collec-
tor maintaining their initial velocity vectors.

Let us take a closer look at the assumption expressed in
Eq. (12). At t=0, all electrons start to change their position,
momentum, and energy in the given environment. Therefore, this
environment naturally has transient characteristics due to the field.
It is found that Q4 variation of the graded doping structure has a
certain delay time At,.. when migrating into exponential change
[Fig. 8(c)]. Similar type of delay is not seen in the uniform doping
structure [Fig. 8(b)]. For W, =100nm shown in Fig. 8(c), Af,ec
concerning this “initial acceleration” is estimated to be ~50fs,
which is close to the momentum relaxation time z,, calculated for a
mobility value of g, =2600cm?/Vs. As a result of this transient
feature, the corresponding power spectra intensity is less in the
high frequency range than that without At,..

VI. CASE STUDY: TERAHERTZ-WAVE UTC
PHOTOMIXER

UTC-PDs and their derivative structures have been used as
terahertz-wave generators. The UTC-PD chip is packaged in a
rectangular-waveguide module or both the UTC-PD and a planar
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antenna are integrated on the same InP substrates. By OE conver-
sion of an optical two-mode beat signal to a photodiode current,
terahertz-wave (THz-wave) radiation is easily generated. Since the
optical beat consists of superimposed fields (E; + E,) by 4; and 4,
modes, the photon energy absorption rate, which is proportional to
(E; + E,)?, has a beat envelope. Though the OE conversion happen-
ing here in the photodiode is the linear process, this type of opera-
tion is called “photomixing,” from an analogy of electron devices.

As discussed in Sec. II, a significant advantage of introducing
the UTC design is improvement in the possible output in a THz
frequency range where electronic amplification is not available. To
date, continuous wave radiation at frequencies higher than 5 THz
has been reported.””

Figure 9 is a schematic band diagram of a UTC-PD with a
modified absorber. The p-type absorber (thickness of Wjy) fea-
tures graded doping to yield an effective quasifield and the depleted
absorber is placed with a thickness W,p adjusted to 1/4 to 1/2 of
the total collector depletion thickness Wc,;. At a required total
absorber thickness W, = Wyn+ Wap, and a fixed W,y there
exists the best set of partition for W, and W,y maximizing the
bandwidth f;,5. Because f3,p determined in such a way is a mono-
tonic function of Wy, any best set simultaneously presents the
highest responsivity (maximum W,) at a fixed f3;5. A detailed
discussion was given in Ref. 14. An induced current amplitude
originating from holes is not proportional to W,p because it is a
quantity integrated over a range of W,y For a given Wyp, the
intensities of hole- and electron-induced current components are
proportional to Wxp/2 and Wap/2+ (We.n — Wap), respectively, in
a low frequency limit. When the W,/Wc,y ratio is 1/4 to 1/2, the
hole current intensity produces 1/7 to 1/3 that of the electron
current one (-17 dB to -10 dB in power), which is sufficiently low
for photomixer operation. Of course, since there is also an electron
current component that originates from the neutral absorber, the
contribution of the hole current is even smaller.

A bowtie antenna-integrated UTC photomixer chip and qua-
sioptic module with fiber pigtail are shown in Fig. 10. The fabri-
cated UTC structure grown on an InP substrate by MO-VPE has a
p-type InGaAs absorption layer (W, =300 A) with graded doping

ooe-

E

anode cathode

hi-
p-InGaAs
n-inGaAs

FIG. 9. Band diagram of a UTC-PD with modified absorber.
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FIG. 10. A bowtie antenna-integrated UTC photomixer chip and quasioptic
module with a fiber pigtail.

and a depleted absorption layer (W,p=1000 A)."* The depletion
layer is 0.23 um thick and consists of a depleted InGaAs absorber, a
thin InGaAsP interlayer, and an InP electron traveling layer. The
junction area is ~20um’ defined by wet mesa etching. The
UTC-PD chip, 1 x 0.5 mm? in size, is placed on a hyper hemispher-
ical Si lens (5-mm diameter). The THz-wave radiation is emitted
from the antenna through a Si lens where the effective load imped-
ance of the diode is ~75Q, as calculated for a planar bowtie
antenna on an InP substrate.”” The typical frequency dependence
of THz output power of the fabricated UTC photomixer is shown
in Fig. 11, where the operation photocurrent is 6 mA and the bias
voltage is -0.4 V (collector field Fc,;=40kV/cm). The observed
radiation output (blue square) changes gradually with a frequency
of up to around 3 THz. The solid lines indicate the calculated
output variation, where we assumed an absorber delay time 75 of
43 fs and average electron velocity in the collector v,c,; changing
from 1 x 107 to 1 x 10® cm/s as a parameter. Because THz propaga-
tion loss is not excluded here, the plot of the experimental data lies
on the 5-6-dB lower level. It is obvious here that the assumed v,y
as saturation velocity never explains the experimental result, and
the quasiballistic electron transport, 6 x 107 to 1 x 10® cm/s, must
exist in the collector. Leitenstorfer et al. investigated electron veloc-
ity overshoot in an InP pin diode by femtosecond optical excita-
tion®” and found the velocity to be around 6 x 10" cm/s at a field of
50 kV/cm. The observed v,y in both experiments is consistent.
One problem is the RC time constant. For example, while the
calculated intrinsic 3-dB down bandwidth f;;5 is as high as
900 GHz for the v,y of 6 x 107, the RC time constant is calculated
to be 75Qx11.3fF=850fs, which yields a bandwidth of
f3a5(RC) = 190 GHz, significantly reducing the overall 3-dB down
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FIG. 11. Frequency dependence of THz-wave photomixer output power and the
calculated variations when changing the effective electron velocity vec,y as a
parameter.

bandwidth in actual devices. Note that f;;5 values on calculated
curves do not differ largely for vecon=2x 107, 6x107, and
1x10%cm/s. In the higher frequency range of f>500GHz,
however, the calculations predict a dramatic change in output
depending on v,c.y» which is simply because the intrinsic response
possesses a steeper frequency dependence than RC time constant.
Diode bias dependence of the photomixer output also pro-
vides information on the carrier transport in the UTC structure.'*
Figure 12 shows the variation of measured THz output with bias
Viias at fixed frequencies of f=250, 500, 1000, and 1700 GHz. We
found there is an optimum bias voltage Vy,s(opt). The lower
output at a bias smaller than Vi,;,s(opt) is due mostly to a smaller
response given by the lower electron velocity. At the same time, the
output decreases at the higher V., and this is more pronounced
at higher frequencies. Here, the output linearity is confirmed for
the bias at least >0 V and the photocurrent condition of 6 mA. The
diode junction capacitance is mostly constant, and the depletion

= 300
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3 e 700
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Negative Bias Voltage (V)

FIG. 12. Variation of measured THz output with bias Vs at fixed frequencies
of f=250, 500, 1000, and 1700 GHz. The operation current is |, = 6 mA.
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thickness is unchanged. The observed variation is, thus, dominated
by the variation of electron velocity. To explain the change in
output of 3dB down at 1700 GHz, for example, there must be a
velocity change from 1x 10®cm/s to 6.5 x 10" cm/s calculated by
the same model described above. With increasing frequency, the
optimum Vi, point shifts from -1.5V (Fg,;=78kV/cm) to -
04V (Fcoy=40kV/cm). How can we explain this shift of the
optimum Vy,;,¢ While there is no easy answer, one probable reason
is the change in the role of the hole current. The f;;5 of the hole
current originating from the depleted InGaAs is around 200 GHz,
assuming an effective v, of 5x10°cm/s, so a small change in
output with higher v, at a larger bias can occur. The linearity in
the diode operation is confirmed, so we know the output saturation
mechanism is not at play here. Therefore, a possible shift of
optimum bias to the reverse side for achieving a larger output
swing cannot be a reason.

VII. SUMMARY AND FUTURE ISSUES

UTC design is simply the selective use of electron transport in
a photodiode. In a pin-PD, we clearly observe a comparatively slow
hole transport, unlike the electron transport. Electrons can be accel-
erated ballistically and their response is fast even in a pin-PD, but
3-dB down bandwidth (f345) is determined by the hole response.
The solution is a UTC design that incorporates a p-type absorber
and/or an additional thin depleted absorber on the anode side.
Furthermore, due to the high electron velocity, the field modulation
by the space charge is much less in a UTC-PD. This is why a
UTC-PD can provide a significantly higher output saturation level
than a conventional pin-PD.

Electron transport in a UTC structure is far from that
described by the conventional drift-diffusion picture using local
parameters. This is because the electron system shows transient
behavior that differs from those in equilibrium or steady state in a
larger dimension. In evaluating the absorber delay time, Monte
Carlo simulation has been employed in the present work. It has
been found that the pulse photoresponse is well approximated by
the exponential decay with a time constant that is the absorber
delay time 74. The graded doping structure for a p-type absorber
has been shown to provide significantly shorter 74 than a uniform
doping structure. In the graded doping structures, at the same time,
both the drift and diffusive motions of electrons participate in
determining the delays.

In the THz frequency range where a compact electronic ampli-
fier is absent, an optical amplifier can replace it. Compared to the
traditional electrical up-convertors, UTC photomixers can generate
THz-wave radiation much easily using an optically amplified
two-mode beat signal. When the optical beat is modulated electri-
cally with data signals, THz radiation with data can be directly
obtained through the OE conversion.

As we have seen, however, the output level in the THz
frequency range is not necessarily high enough for certain applica-
tions. Therefore, we need technological improvements in device
fabrication that can produce a higher output. Up to now, optimiza-
tions of the diode epitaxial layer and the matching circuit
have been made. For further improvement, the heat dissipation
capability is primarily important as microwave power transistor
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technologies have experienced. Use of an intentional heat sink with
a metal and/or heterogeneous substrate featuring higher thermal
conductivity is desirable, where the signal propagation pass or
waveguide-based coupling for the incoming optical beam can be
maintained.

The power-combining technique, which is often utilized in
electronic circuits, is known to be effective. Since THz-wave propa-
gation loss on the transmission lines is rather high, there exists a
limitation when it comes to combining the number of elements
depending on frequency. When the output port is radiation
medium, arrayed antennas can be used as a power combiner. Here,
the transmission line from the photodiode to the antenna must be
short enough. Besides, to enable beam forming functions, the
signal at each antenna output must be phase controlled. To meet
these requirements, we need a chip that integrates arrayed photodi-
odes located close to the antenna and allayed THz phase control
devices. Consequently, for improving the THz-wave performance
of UTC-PDs and developing their related applications, we need to
gather together various technologies.
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