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Abstract—A time-delay equivalent-circuit model of ultrafast
p-i-n photodiodes (PDs) is proposed to describe the operation
at high-input power levels. This model includes both the carrier
transit-induced time-delay effect and stored char ge effect of p-i-n
PDsin high-power operation. These effects were represented as a
linear RC circuit [1] and capacitance, respectively, both combined
in parallel to a voltage-controlled current source. The validity of
this model was confirmed with good curvefitting to the measured
optical-frequency responses of an ultrafast side-illuminated p-i-n
PD.

Index Terms—Equivalent circuit, optical-frequency response,
photodiodes (PDs), scattering parameters, stored charge, time
delay.

I. INTRODUCTION

HOTO receiversplaysanimportant rolein the optical -fiber

system, and the operating frequency range has been ex-
panded to the millimeter-wave region. Since optical-fiber ampli-
fiershave been recently used in high-speed optical transmission
systems at 40 Gh/s and beyond, the ultrafast photodiodes (PDs)
used in the photo receivers are currently required to operate for
ahigh-power illumination [2]. Much research has been done to
numerically and experimentally investigate the high-power per-
formance of PDs[3]. It is suggested that the modulation band-
width and eye diagrams of photo receivers at high bit rates can
be degraded due to the increased space charge effects suffered
from the carriers generated by illumination when they transit
through the depletion region of the PDs under high-power illu-
mination. On the other hand, the use of acomputer-aided equiv-
aent-circuit smulation system becomes very important in the
design of high-performance photo receivers since the final per-
formance of the photo receivers must be confirmed in advance
before they are fabricated. It is usually convenient to apply a
physic-based equivalent-circuit models of PDsin such acircuit
simulator, however, very few reported equivalent-circuit model
treated the transit time effect by fully electrical equivalent-cir-
cuit models [4]-{6].

In our previous research, we proposed a small-signal elec-
trical-circuit model that includes a carrier transit-induced time
delay represented with an RC' time constant [1]. Thislinear RC
circuit, which is combined in paralel to a voltage-controlled
current source (V CCS), represented well the high-frequency re-
sponse of our side-illuminated p-i-n PDs when the optical input
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power level was set to be less than 10 mW for linear opera
tion. However, it is found that it is difficult to use the previ-
ously proposed linear RC circuit model to represent the non-
linear frequency responses, which is observed in the studied
p-i-n PDs beyond 10 mW, because of alack of some physical
effect. In this paper, we propose a fully electrical time-delay
equivalent-circuit model to represent the high-power high-fre-
quency response of p-i-n PDs. This model equivalently repre-
sents the high-power illumination-induced stored charge effect
in the p-i-n PDs because of a newly added capacitance C,, €l-
ement in parallel to the linear RC circuit elements R, and C;.
All of the above three time-delay circuit elements R,, C;, and
Csc were treated as voltage-dependent components, and each
behavior was measured based on the best curve fitting using
the new equivalent-circuit model. This analysis made the PDs
high-power nonlinear behavior clearly visible, aswell ashaving
proved the effectiveness of the new equivalent-circuit model.

Il. EXPERIMENTAL PROCEDURES

As shown in Fig. 1(a), a side-illuminated p*-InP/i-In-
GaAs/n-InP waveguide-integrated double-heterojunction p-i-n
photodiodes (WG p-i-n PDs) is used for optical frequency
response analysis and equivalent-circuit model design. The
waveguide of this PDs functions as a spot-size converter in
which the thickness of an InGaAsP core tapers in the prop-
agation direction. The waveguide was fabricated by using
selective MOCVD growth technology. The p-i-n junction
area is 6 yumx 7um and the thickness of the InGaAs optical
absorption layer is 0.28 um. The p-i-n junction area is buried
in semi-insulating INP. To reduce the parasitic capacitance,
the bonding pad of the p-electrode was fabricated on the
semi-insulating InP substrate, and the p-i-n junction area and
the bonding pad are connected by an air-bridge wire. The
details of the device structure are described in [7]. Fig. 1(b)
indicates how the parasitic components are connected and
related to the physical parameters of the WG p-i-n PDs, where
R, isthe p-electrode contact resistance, 2; is the resistance of
the PT-InP layer; C; is the reverse-bias junction capacitance,
C,. is the capacitance between the air bridge and n-electrode
pad, C,, isthe p-electrode pad capacitance, L, isthe inductance
of the air-bridge from p-contact to p-electrode pad, and L is
the inductance induced by the n-electrode pad as an RF ground
pattern.

Frequency-domain optical responses (.S2; ) and the reflection
coefficients (S22) of the studied WG p-i-n PD were measured
by using 50-GHz lightwave component analyzer equipment
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Fig. 1. (8 Schematic structure. (b) Cross section of a side-illuminated
waveguide-integrated p-i-n PD. The equivalent-circuit elements are related to
the p-i-n PD parameters as shown.

(HP/Agilent 8603A). The laser with a 1550-nm center wave-
length was used as the measurement source. The device was
contacted by a 50-2 ground-signal—ground (GSG) microwave
probe. The measured 3-dB bandwidth f3-qg for the sample is
over 35 GHz at —5-V hias voltage and below 10-mW optical
input power.

I11. TIME-DELAY SMALL-SIGNAL EQUIVALENT CIRCUITS
OF p-i-n PDs

Fig. 2 shows the small-signal equivalent circuit [1] that con-
siders both the carrier transit-induced time delay and the para-
sitic elements for the studied WG p-i-n PD. The carrier transit-
induced time delay is equivalently represented by alinear RC'
circuit (Part | in Fig. 2, indicated as R;C;) combined with a
VCCS. The basic design concept of this time-delay equivalent
circuit is as follows.

1) The3-dB electrical bandwidth of PD ( f34p) islimited by
both the carrier transit time and parasitic C'R-time con-
stant. Since these limiting factors are assumed to be inde-
pendent of each other and have Gaussian responses [8],
the f34n of the PDs can be approximated as [9]

111
f??dB ft2 fg‘R
where f; isthe 3-dB electrical bandwidth limited by the

carrier transit time and fc g is the 3-dB electrical band-
width limited by the parasitic C'R-time constant. There-

@

fore, we can reasonably model these two limiting factors
separately, and then combine the two modeled equiva
lent circuit with the proper method to give afinal equive-
lent-circuit description of the PDs.

The carrier transit time that limits the 3-dB electrical
bandwidth f; isrelated to the phase delay created by the
transition of carriers generated by illumination in the
depletion region of p-i-n PDs. The carriers generated by
illumination move with saturation velocity over the drift
region dueto the high electric field in the depletion region
and suffer atime delay. These carriers can be equivalent
to cathode-emitting free carriers, which induces a photo
current. We assume that the input optical ac signal has
a frequency w and is approximated as an ac voltage
signal of the form ¢,;(w) superposed to the dc bias. The
ac photo current ¢(w) due to the ac signa is assumed
to be uniform in space and consists of both the particle
current and displacement current. Following an analysis
given by Wang [10] for a reverse-biased p-i-n IMPATT
avalanche diode, i(w) is given by

t(w) = iweF (w) + vt (w) exp < ;wa:) . 2
The fist part in (1) is the displacement current, where
E (w) istheac component of thefield in thedrift region, v
istheratio of the ac conduction current to the total ac cur-
rent, and v, isthe constant saturation drift velocity of the
carrier in the drift region, respectively. For the p-i-n PD,
v, represents the saturation drift velocity of the carrier
generated in the depletion region due to contributions of
both hole and electron, while it depends on optical input
power level. By solving E(w) in(2) and integrating it over
the drift region, the ac voltage ¢;(w) acrossthe transit re-
gion and the resulted ac photo current ¢(w) are related to
each other with an impedance Z,

Zy= R+ix = @) 3)
i(w)

Moreover, when the WG p-i-n PD is used for
high-power and high-speed operation, there will be
some nonuniform charge distribution that results in
nonuniformity on the electric field and transit velocity.
The IMPATT (3) gives only a first-order approximation.
However, the basic concept of using a linear circuit
with an impedance Z,, which will function as a delay
block applied to the ac optical signd ¢;(w) (i.e., ablock
having as the input an optical power and as the output
a delayed ac optical power, which is related to the
time-delayed voltage e, (w)) to equivalently represent the
carrier-transit time-induced time delay well explained
the high-frequency response of the studied WG p-i-n PD
for relatively small power operation [1]. In our proposed
time-delay equivalent circuit, as shown in Fig. 2, the
impedance Z; isrepresented by alinear R, C; circuit, and
the 3-dB electrical bandwidth f; limited by the carrier
transit time can be equivalently expressed by the CR
time constant of this proposed R,C; circuit. Thisis the
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Fig. 2. Small-signal equivalent-circuit model of the side-illuminated WG p-i-n PD involving both the parasitic elements and carrier drift-induced time-delay

effect.

physical-based consideration of Part | of the small-signal
equivalent circuit shown in Fig. 2.

Now the time-delayed voltage ¢, (w) isassumed to create
an ac photo current ¢(w) flowing to the external parasitic
circuits. Just like the discussion for FET, in the small-
signal case and considering the first-order element of the
RF signal, the ac element can be separately represented
with the dc transconductance, and the relationship be-
tween e, (w) and i(w) can be expressed as

3

dlyc
dVdC

i(w) = (W) = gmeo(w). 4

4) Since the WG p-i-n PD is electrically a lumped-element
device, a set of parasitics due to the device structure is
another bandwidth-limiting factor. The lumped parasitic
circuit elements of the studied WG p-i-n PD shown in
Fig. 1(b) is rearranged and shown as Part Il in Fig. 2.
The ac photocurrent i(w) that flows out to the external
circuit is controlled by the delayed voltage e, (w) across
the R,C; circuit. The VCCS is represented as i(w)
gmleo) - eo(w), where g, (e,) - ¢,(0) gives the dc level
and is considered equivalent to the optical conversion
guantum efficiency.

As shown in Fig. 3(a) and (b), by carefully choosing the
valuesfor the circuit components shownin Fig. 2, the calculated
optical frequency responses can be best fitted with the measured
optical frequency responses of the studied WG p-i-n PD at a
low-power-level small-signal operation, where the photocurrent
is below 8.3 mA, which corresponds to an optical input power
level of 10 mW. This procedure can be summarized as follow.

First, extraction of the parasitic values in the small-signal
equivalent circuit were carried out by evaluating the Sso-pa
rameter in the frequency range from 45 MHz to 50 GHz, as
measured by the 50-GHz lightwave component analyzer. The
extracted values for the WG p-i-n PD at —5-V bias voltage are
aso givenin Fig. 2 (Part I1). The best fitting exhibited a close
agreement between the measured and cal culated values, where

5)
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Fig. 3. Curve fitting of the: (&) magnitude and (b) phase shift of the
small-signal response of the side-illuminated WG p-i-n PD. The calculated
frequency response with and without circuit elements C', and R, are shown
as solid lines.

the maximum fitting error levelsin magnitude and phase differ-
enceof Sy arebelow 0.02% and +5°, respectively. In addition,
the value of the total series resistances and total shunt capaci-
tance are kept close to those for dc measurement at —5V during
the Sao curve-fitting procedure.

By carefully choosing the values for the carrier transit-in-
duced time delay components (C,, R;, and g,, in Fig. 2), the
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Fig. 4. Measured (noisy solid lines) and calculated (solid lines) optical
frequency responses of the side-illuminated WG p-i-n PD at various input
optical power levels. The experimental results are normalized to their
low-frequency RF power levels, respectively.

calculated optical-frequency response can then be best fitted
with the measured optical frequency response of the studied WG
p-i-n PD. The calculated 3-dB bandwidth f5-4p of 35 GHz for
this sample agrees well with the measured one. The maximum
fitting error levels in magnitude and phase difference between
measured and calculated S5; can be below 0.15% and +15°,
respectively.

Finally, we adjusted the value of ¢,,,¢,(0) to makethedc level
of the calculated optical response curve consistent with the mea-
sured one.

The noised solid lines in Fig. 4 show optical frequency re-
sponses of the studied WG p-i-n PD biased at —5V at various
photocurrent levels. The measured responses are compared to
frequency responses calculated from the linear equivalent cir-
cuit in Fig. 2. The plots in this figure were normalized to their
dc levels, respectively. The studied WG p-i-n PDS' response at
an input optical power level of up to 10 mW (corresponds to
a photocurrent value of 8.3 mA) can be reasonably curve fitted
for constant Cy, R, and g,,,. However, when increasing the pho-
tocurrent above 8.3 mA, the experimental frequency responses
show a sudden collapse and a rapid drop at lower frequency.
Hence, in the best curve fitting for the higher current levels, the
valuesof transit-induced time-delay elements(C;, R;, and g,,, in
Fig. 2) were flexibly chosen for each lower frequency collapse
response. The parasitic elements used in this calculation were
not changed. The calculated frequency responses are shown in
Fig. 4 with solid curves. It can be seen that even increasing the
photocurrent above the critical current value (8.3 mA for the
studied WG p-i-n PD), the calculated frequency responses till
give agood agreement with the experimental collapse responses
in the lower frequency range. On the other hand, it can also be
seen that the equivalent circuit in Fig. 2 becomes not sufficient
to produce a good fit with the high-frequency responses in the
higher optical input power level condition, even though the car-
rier transit-induced time-delay components are variable.

In order to more exactly evaluate the optical frequency re-
sponse of p-i-n PDsin ahigh current operating condition, are-
finement to the small-signal equivalent-circuit model (as shown
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Fig.5. High-power equivaent-circuit model of the side-illuminated WG p-i-n
PD. The parasitic elements are the same as those shown in Fig. 2, Part |1.

in Fig. 2) was performed by newly adding a parallel capaci-
tance C;. to the transit-induced time-delay equivalent-circuit
elements C; and R;. Fig. 5 shows the newly proposed equiv-
alent-circuit model, where the parasitic el ements are the same
with those shown in Fig. 2, Part Il. Asshown in Fig. 5, the de-
layed voltages over transit-induced time-delay equivalent-cir-
cuit element C, and R, and parallel capacitance C,. are rep-
resented with e;(w) and ez(w), respectively. Now the overall
delayed voltage ¢,(w) involves both the effects of ¢; (w) and
e2(w). Otherwise, it can be seen the delayed voltage ¢, (w) of
the time-delay element of the equivalent circuit shownin Fig. 2,
Part | only involves the effect of e¢1(w). In view of the elec-
trical circuit in Fig. 5, we can see that the time-delay circuit
eement C; and R; and the parallel capacitance C,. provide
two different types of delay block circuits with signal source
impedance Ry, respectively. By identifying the optical power
with the voltage generator ¢;(w), the relative optical-frequency
responses of these two delay block circuits can be calculated as
follows:

2002 2
20 log 240 dB =201log L+ G Ry 5
e; (w) 1+{wC; (Ro+Ry)}
®)
e (W) 1
20log dB =20log | ——] dB. 6
o og < ﬁer?CECR%) (6)

The calculated results are shown in Fig. 6. The values of
the circuit elements used in the calculation are R, = 15 €2,
C, = 2300 fF, and C,. = 300 fF, respectively. (As will be
shown in Section |V, the values of R;, C;, and C,. are the
ones used to best curve fit the measured optical response of
the studied WG p-i-n PD at a very high optical input level be-
yond 30 mW for the equivaent circuit in Fig. 5). The overal
relative frequency response eg(w) (: 20log |e,(w)/e;(w)|) of
the time-delay elements is dominated by aresponse of e; (w) (:
20log |e1 (w)/e;(w)]) dueto R, C inthishigh-power condition.
However, as shown in Fig. 6, the overall optical-frequency re-
sponse 20log |e,(w)/e;(w)| shows an extra degradation in the
higher frequency region compared with 20 log |ei(w)/e; (w)].
It is clear that this effect is provided by the newly combined
paralel capacitance Cy.. This extra response is performed be-
forethe RF signal istransferred to the external parasitic circuit.
Hence, we think that the component C,. seem to be a device
physics-based parameter. The physical meaning of Cs. will be
discussed in Section V.
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Fig. 7. Measured (noisy solid lines) and calculated (solid lines) optical
frequency responses of the side-illuminated WG p-i-n PD for various input
optical power levels. The experimental results are normalized to their
low-frequency RF power levels, respectively.

IV. CURVE-FITTING RESULTS FOR HIGH-POWER
FREQUENCY RESPONSES

To demonstrate the validity of our newly proposed equiv-
alent-circuit model for a high-power operating condition, we
have simulated the frequency response at high photocurrent
conditions again using the same parasitic elements shown in
Fig. 2. The simulation process is as follows: first, as described
in Section |11, the time-delay equivalent-circuit elements C;,
R, and g,, were chosen so that the calculated frequency
response can be best fitted with the measured low-frequency
optical response both in magnitude and phase. The paralel
circuit element C;. was then determined to make the cal cul ated
frequency response in the high-frequency region well fitted
with the measured response both in magnitude and phase. The
simulated frequency responses are depicted in Fig. 7 by solid
lines. It can be seen that the simulated frequency responses
using the proposed high-power equivalent circuit approximates
very reasonably the measured optical-frequency responses of
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Fig. 9. Best-fitted values of dc response g..e,(0) of the small-signal
equivalent circuit as a function of optical input power levels.

the devices at various optical power (photocurrent) levels and
in a broad frequency range from 45 MHz to 50 GHz.

The important issue in this curve fitting is that the physic-
based parameters (Cy, R, gm, and Cs.) were treated as vari-
ables for input power levels. Figs. 8 and 9 shows the behavior
of each variable for various optica input power (P,,) levels.
From Figs. 8 and 9, some important properties can be found as
follows.

1) At an optical input power level (p-i-n) of below 10 mw
(photocurrent: 8.3 mA), the measured optical-frequency
response can be well fitted by only one set of time-delay
circuit elements Cy, R;, and g,,,, where C,. = 0.

2) At an optical input power level of beyond 10 mWw,
the measured optical frequency response across the
whole frequency region can be well represented by best
choosing the value of the paralld circuit element C;., as
well aSCt, Rt, and am-

3) Asthe optical input power increases beyond 10 mW, the
C, and R, valuesrapidly changesin aninverse fashion to
each other, increasing the time constant.

4) Thevalueof C. alsotendstoincrease astheoptical input
power level increases due to additional stored charge ef-
fects.

5) The best-fitted values of g,,,¢,(0), which determines the
dc level of the calculated frequency response, increases
linearly below 12.6 mW optical input power and gradu-
ally saturates beyond this power level.
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V. DISCUSSION

By incorporating the new component C. and corresponding
3-dB bandwidth f-__, the total 3-dB bandwidth of the p-i-n PD
can be represented with (7)

1 11 1
=t =t ()
f??dB fg‘sc t2 féR

where the carrier-transit-time-limited 3-dB bandwidth f; corre-
sponds to the 3-dB bandwidth of the C, R, circuit f¢, r,. Using
the best-fitted values of the time-delay components Cy, R;, and
Cs inFig. 7, the values of fc.. and f; can be calculated from
(5) and (6), respectively, by setting them equal to —3 dB. Based
on the calculation results, some conclusion can be reached as
discussed below.

When the optica input power level (P,,) is below 10 mW
(photocurrent: 8.3 mA), the first term in (6) can be ignored.
Hence, the measured optical-frequency response can be well
fitted by best choosing the time-delay circuit elements Cy, R;,
and gy,

By increasing the optical input power level ( P,,,) over 10mW,
the side-illuminated p-i-n PD exhibits a serious degradation in
the frequency response ( /5 ar) asthe optical input power (pho-
tocurrent) increases. This degradation of the responses at high
photocurrents is physically related to the formation of the ex-
tended regions of the low electric field that are very analogous
to theKirk effect in bipolar transistors[11]. It iswell known that
a reduced electric field will further reduce the transit velocity
of the photo carrier and enlarge the carrier transit-induced time
delay. Thus, just as discussed for the above curve-fitting results,
this can be represented by an increase of the electrical time con-
stant of the R, C, circuit. This explains well that an additional
space charge effect isinduced in the high power. The values of
R, and C; varies with the optical input power levels.

In the very high optical input power level case, the value of
fe.. is seriously decreased. For example, at an optical input
power level (P,,) of 32 mW, the value of fc_ is decreased to
nearly 21 GHz (as shown in Fig. 6). Although the measured
bandwidth of the studied WG p-i-n PD f34p is dominated by
the 3-dB bandwidth f; due to carrier-transit-time effect (nearly
2 GHz, as shown in Fig. 6), the effect of f.._. becomesremark-
ablein the high-frequency region. It was reported that a charge
storage withinthe PD possibly developsacurrent waveform dis-
tortion at sufficiently high frequency in the high-power condi-
tion [11]. Thisis to say that, for a very large input power and
output current level, the depl etion capacitance could beinstanta-
neously modulated, thusyielding afurther nonlinear effect. This
is called the stored charge effect. As shown in Fig. 7, the mea-
sured optical frequency response curves in the high-frequency
region for the high-power case can aso be well fitted using the
high-power equivalent circuit that was newly proposed by fur-
ther combining the effect of the parallel circuit element C..
This result proves that the newly added parallel circuit element
C;. isconsidered to represent the additional space charge effect
(stored charge effect).

|IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 4, APRIL 2003

Finally, let us give some discussion on the transconduc-
tance g,,, that was defined with a VCCS. A linear increase of
ame,(0), which represents the dc response of the eguivalent
circuit, was observed in Fig. 9 at optical power levels up to
12.6 mW. Assuming that the ¢,(0) of the eguivalent circuit
increases linearly with the optical input power (photocurrent)
level, the linear behavior gives a constant g,,, in the studied
optical input power range. At higher optical input power levels,
a gradua saturation of the best-fitted value of g,,,e,(0) was
observed. The contribution each of g,, and ¢,(0) for the dc
current saturation should be further evaluated to establish
further an accurate equivalent-circuit model.

V1. CONCLUSION

In summary, we have proposed a high-power equivalent-
circuit model of p-i-n PDs by taking account of both space
charge-induced carrier-transit-time delay effect and stored
charge effect in the high-power operating condition. Although
some physical formulation cannot be reached by this paper,
this new model gives a good approximation with the measured
optical response of ultrafast high-power WG p-i-n PDs, as well
as being well associated with the physical explanation of the
high-power behavior of the p-i-n PDs. This approach provides
a method that directly predicts and analyses the high-power
properties of ultrafast p-i-n PDs using a full electrical equiv-
aent circuit, and will be helpful to design high-speed and
high-power p-i-n PDs.
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