214

IEICE TRANS. ELECTRON,, VOL. E76-C, NO.2 FEBRUARY 1993 |

m Special Issue on Optical /Microwave Interaction Devices, Circuits and Systems
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SUMMARY We show the design of the bandwidth and the
external quantum efficiency (including the coupling efficiency to
a single-mode fiber) of p-i-n photodetectors. Based on their
design procedures, the performance limits of both conventional
surface-illuminated photodetectors and side-illuminated
photodetectors are evaluated. We point out that in the
ultrawide-band region, optical waveguide photodetectors have
great advantages over conventioi al surface-illuminated
photodetectors in terms of the product of the bandwidth and the
external quantum efficiency. It is shown that a 100-GHz band-
width can be achieved with little degradation of the external
quantum efficiency by a multimode waveguide photodetector
structure. We also present a design concept for overcoming the
performance limits of solitary waveguide photodetectors by in-
cluding an input tapered optical waveguide.
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multimode waveguide
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1. Introduction

Highly "efficient photodetectors with a broad
bandwidth will be key components of future wide-
band optical communication systems. It is well known
that wide-band operation equates to a small device
capacitance and a short carriertransit time. However,
for a small capacitance, the device itself must be small,
which may lead to coupling losses with the input
optical beam. On the other hand, a short transit time

. generally requires the photo-absorption layer to be

very thin, resulting in degradation of the internal
quantum efficiency (7). As a result, these require-
ments tend to work against the achievement of high
sensitivity. A theoretical analysis Has revealed that
the product of the bandwidth (the 3-dB electrical
frequency) fias and 7 of conventional surface-
illuminated photodetectors cannot exceed a few tens of
gigaherz in the ultrawide-band region.

To overcome this adverse tradeoff between the
electrical and optical properties, side-illuminated opti-
cal waveguide photodetectors (WGPDs) have received
a great deal of interest)-® because their structure
permits fsus and 7 to be specified almost indepen-
dently of each other. In these devices, the core layer of
the waveguide acts as a photo-absorption layer.
However, the chief drawback of WGPDs is that they
are difficult to couple to single-mode fibers with high
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efficiency, and as a result, their full potential has not
been realized yet.

In this paper, we present a theoretical analysis of
photodetector performance, such as their bandwidth
and quantum efficiency. On the basis of these numeri-
cal results, we demonstrate the superiority of WGPDs
over conventional surface-illuminated photodetectors,
and propose a new type of WGPD which has a
multimode waveguide configuration in order to
achieve a high coupling efficiency to the input optical
fiber. For such multimode waveguide photodetectors,
the design concepts involved in achieving both
ultrawide-band operation and a high external quantum
efficiency are also presented. Our experimental results
verify these concepts, and we have made a
photodetector with a bandwidth of 50 GHz and an
external quantum efficiency of 68%. We also introduce
a WGPD design which involves integrating a WGPD
with an input tapered optical waveguide, which
enables the performance limits of solitary WGPDs to
be overcome.

2. Photodetector Properties
2.1 Bandwidth

The bandwidth of a photodetector is limited by
both the carrier-transit time and the CR-time constant.
Assuming these limiting factors are independent of
each other and have Gaussian responses, the f3 of the
photaodetector can be approximated as‘®

1 _ 1 + 1 )

Fra =7 T
where f; is the 3-dB electrical frequency when the
CR-time constant is very small, and fez is the 3-dB
electrical frequency when the carrier-transit time is very
small. We will demonstrate the validity of the above
approximation at the end of this section. For
ultrawide-band operation, it is necessary to improve
both of these parameters.

Let us start with a few general observations about
the transit time of photogenerated carriers in a
photodetector. Light impinging on a depleted photo-
absorption layer generates an electron and a hole,
which are drawn to the n-type and p-type layers,
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Fig. 1 Electron distribution in the photodetector at (a) f and
— (b) ¢

respectively. To simplify this model we will focus only
on the electron behavior. Assuming the light uniform-
ly illuminates a photo-absorption layer of thickness D
and that each electron travels at the saturation velocity
Ve, at time ¢ the number of the electrons N generated at
time & is reduced to N{1— (t— &)/} as shown in Fig.
1, where 7. is D/v. (electron transit time through the
depleted photo-absorption layer). Although an exact
result can be obtained by taking into account the
distribution of light illumination as previously
studied,"” the above assumption produces a good
approximation, especially when we calculate the
efficiency of wide-band photodetectors and WGPDs.
When the intensity of the light is modulated by a
function exp (jw(¢— 1)), the current generated by the
photodetector is

N(1=422 ) Lexp oo (1~ 1)) 2)

where ¢ is the elementary charge. The electrons that
are generated after /- r. exist at time ¢ in the photo-
absorption layer. Thus, we can obtain the normalized
overall current at time ¢ by integrating Eq. (2) from
t— e to 1, and modifying it to include the contribution
of the holes:

{l —exp(;wrc)}“m-]

1 L 1.
+[W{l —exp (an.)}— Jotn ] (3)
[ is defined as the frequency at which Eq. (3) is
equal to 1/42, and can be calculated as

357
/=57 @

where ¥ is defined as

—(—r+—r) (5)

The above expressions produce a good approximation
with an error of a few percent, and thus suitable for

215

RELATIVE RESPONSE

0 50 100 150 200 250
FREQENCY [GHz]

Fig.2 Calculated microwave power response.
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Fig. 3 Photodetector equivalent circuit.

qualitative estimation. Figure 2 shows the normalized
microwave power responses calculated from Egq. (3)
where it is assumed that y.=6.5%10° cm/s and v,=4.8
X 10%cm/s. " At a thickness of around 0.4 gm—the
usual core layer thickness of semiconductor optical
waveguides—/; changes significantly and has an
inverse relationship to D as described by Eq. (4).

Next, consider the CR-time constant of the circuit.
Although SPICE simulation is usually a powerful
technique for predicting circuit performance quantita-
tively, an analytical approach is useful in designing
photodetectors. As shown in the equivalent circuit of
Fig. 3, a photodetector is basically a current source
with a capacitance of C and an internal resistance K,,
where R;, Rs, and L are a load resistance, a stray
resistance, and an external inductance, respectively. C
is determined by D and the area of the photo-
absorption layer S:

% E0ErS
2Lty (6)

where &o¢, is the dielectric constant of the photo-
absorption layer. Assuming the dark current of the
photodetector is very low — less than a few micro-
amperes— R; becomes very high compared with the
other elements and can be omitted from the equivalent
circuit. The microwave current which flows through
R, then becomes

I(w) _ o ! (7)
I1(0) ~ 1—a@?LsC + jwC (R.+ Rs)
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Ls is known to cause the peaking effect whereby the
microwave current increases at a certain resonant fre-
quency (fy=1/2n/LsC ). This effect has been ignor-
ed in the qualitative analysis at pervious works because
[+ is usually higher than fs4s and does not influence f34s
in a wide-band—around 10 GHz—photodetector. In
this case, the 3-dB electrical frequency is

f T e 2 i
CRO—2xC (R, +Rs)

However, in an ultrawide-band—higher than 30 GHz
—photodetector, Ly can actually help to push up the
speed.® The following discussion includes the contri-
bution made by L in the estimation of fce.

Jfer is defined as the frequency at which Eq. (7) is
equal to 1/y2, and is expressed by the following equa-
tion:

@ ={(2LsC — C*(RL+ Rs)*
+V8LEC?—4LsC3*(R.+ Rs)*+ C*(R.+Rs)*)
/2L§C2}nz (9)

where w'=2nxfcg. Estimating the differential of the
right part of Eq. (9), it is found that @ has a maximum

(8)

of V2/C(R.+Rs) at Lg=C (R.+Rs)%/2. Conse-
quently, the optimum feg is given by
= /2 22
Jor= 2 C (R, ¥ Ry — Y Hewo- o

Equation (10) means that the 3-dB electrical fre-
quency can be increased by 40% by adjusting Lz. This
feature plays a significant part in the design of
photodetectors. From Egs. (4), (6), and (10), it is
easily deduced that fcx is proportional to D and that
maximizing fszs in Eq. (1) involves a tradeoff between
Ji and fex.

We should also consider the validity of Eq. (1).
Since neither the microwave current characterized by
the carrier-transit time (Eq. (3)) nor that by the
CR-time constant (Eq. (7)) have Gaussian responses.
Thus, if we want to get an exact value for fius, we
should calaulate the total frequency response from the
product of Egs. (3) and (7). By calculating the exact
value of fsap and comparing it with the approximate
value obtained using Egs. (1), (4), and (10), we
confirmed that Eq. (1) provides a good approximation
with an error of less than 5%.

2.2 Quantum Efficiency

The external quantum efficiency 7.x is given by
(11)

where R, 7, and 7. are the power reflection loss at
the facet of the photodetector, the fiber coupling
efficiency, and the internal quantum efficiency, respec-

Nex = (1 —R) Neline
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Fig. 4 Theoretical performance limits of surface-illuminated
photodetectors.

tively. The internal quantum efficiency 7 is given by
(12)

where I', @, and d are the confinement factor, the
absorption coefficient, and the length in the direction
parallel to the beam, respectively, for the photo-
absorption layer. The value of @ is about (1.5 gm) ™'
for a 1.55-um-wavelength photodetector. Thus, for a
conventional surface-illuminated photodetector—for
which I' is unity—a photo-absorption layer thicker
than 1.5 um is generally required for high efficiency
even though it degrades f;.

We are now in position to estimate the perfor-
mance limit of -the surface-illuminated photodetector
based on Egs. (1), (4), (10), and (11). Assuming 7.
is unity—the essential difference from WGPDs—and R
is Zero, 7ex is equal to 7. Figure 4 shows the external
quantum efficiency of photodetectors which is designed
to have a 3-dB electrical frequency indicated by the
horizontal axis. Solid curves represent photodetectors
with diameters of 10 and 20 #m. Both curves and at
the maximum bandwidth determined by the tradeoff
between f; and fcr shown in Eq. (1). The dotted curve
indicates the performance of a photodetector with an
infinitely small diameter. We can see from these results
that the product fius7ex is about 20 GHz in the
ultrawide-band region, and that ultrawide-band opera-
Jion above 100 GHz is difficult—because the diameter
should in practice be at least 5 yum—even if we give up
trying to achieve a high 7.

For a side-illuminated WGPD, on the other hand,
d does not correspond to the thickness of the photo-
absorption layer D but is identical to the length of the
device L, so that f; and 7. can be specified almost
independently of each other. In this type of
photodetector, because the photo-absorption layer also
acts as a waveguide core layer, I' decreases with
decreasing D. Thus, from Egs. (4) and (12), we can
see that there is only. a weak tradeoff between f; and

Nint-

nine =1—exp(—TI'ad)

. o

i
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3. Multimode Optical Waveguide Photodetector
3.1 Coupling Efficiency

As described in the previous section, WGPDs have
a big advantage over surface-illuminated types in that
their fipme product is much higher. In a typical
double-hetero InP/InGaAs/InP WGPD, the thickness
of the InGaAs photo-absorption layer D determines
not only fi, fer, and 7 but also the coupling
efficiency in the y direction 7.—where 7.=7cxcy (x
and y indicate directions parallel and perpendicular to
the substrate surface, respectively). For example, for a
device to operate at 50 GHz, D must be less than 0.6
pm to satisfy the carrier transit time as shown in Fig. 2.
However, in WGPDs with such thin core layers, a spot
size (half width at 1/e of maximum optical field) of
the guided light is less than 0.5 #m, while a lens or a
hemispherically-ended single-mode fiber focuses the
light to a spot size greater than 1 gum. This substantial
mismatch between the optical field distributions
reduces the coupling efficiency and, as a result, the
external quantum efficiency 7.x is greatly reduced.

To avoid this rigid tradeoff relationship, we tried
to enlarge the optical field distribution of the WGPDs
by adding doped InGaAsP layers between the InGaAs
layer and the InP layers.”” Since the bandgap energy of
the InGaAsP layers correspond to a 1.3 zm wave-
length, photo-carriers are generated and transported
only in the depleted InGaAs layer. With this arrange-
ment, f; is still determined only by the thickness of the
InGaAs layer, while the optical properties are im-
proved. Two WGPD models were developed, one with
a symmetric structure and the other with an asymmetric
structure, as shown in Figs. 5(a) and (b), respectively.
We assumed both WGPDs to have a high-mesa struc-
ture.

First, the optical fields of the guided light in the
WGPD structures were calculated using the step seg-
ment method (SSM).(10(D We assumed that the opti-
cal fields of lossy waveguides such as WGPDs could be
calculated by ignoring the imaginary part of the re-
fractive indices. We thus selected values of 3.17, 3.39,

(b)

Fig.5 WGPD structure model, (a) symmetric, (b) asymmetric.
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and 3.59 for the refractive indices of InP, InGaAsP,
and InGaAs, respectively, at a wavelength of 1.55 um.
The numerical results displayed the following features:
(1) When the total thickness of the InGaAs and
InGaAsP layers is less than 1.1 gm, only the fundamen-
tal (j=0) mode, or the fundamental and first order (j
=1) modes exist. On the other hand, when the total
thickness is above 1.1 #m, higher-order (j>1) modes
appear.

(2) The optical field distributions of the TE and TM
modes are almost the same.

(3) The above features can be seen in both the sym-
metric and asymmetric structures.

(4) Those features depend not on the thickness of the
InGaAs layer, but on the total thickness.

We will refer to the WGPDs with several even
order modes—those with a total thickness of more than
1.1 um—as multimode WGPDs.

Next, we calculated the coupling efficiency in the
y direction 7. by considering the overlap integral
between the optical field of the fiber and that of the
WGPD. Figure 6 shows the coupling efficiency
between a hemispherically-ended single-mode fiber
which produces a Gaussian beam with spot size of 1.3
pm and WGPDs with a 0.6-um InGaAs layer as a
function of the total thickness of the InGaAs and
InGaAsP layers. For both the symmetric and asym-
metric structures, when the total thickness slightly
exceeds 1.1 gm, giving the WGPD a multimode
configuration, 7.y increases dramatically to as much as
90%. This is because the additional coupling efficiency
attributable to the higher-order modes 7cy; (j >1) con-
tributes to r;c,(=?7;m).

The total optical field distribution of a multimode
WGPD in the y direction @ (y) can be obtained by
summing up the field distribution for each mode:

@(.V)=;fo¢w(y) (13)

where | Cy|*=17neys and ¢y, is the normalized wavefunc-
tion of the jth-order mode in the y direction. Figure
7 shows the calculated total field distributions of sym-
metric structures with (a) a total thickness of 0.6 um,
(b) a total thickness of 1.4 um, and (c) a total thick-
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Fig. 6 Calculated coupling efficiency between a WGPD and a
hemispherically-ended single-mode fiber.
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Fig. 7 Total field distribution of the guided light in the WGPD
(solid curve) and input field distribution from the fiber
(dotted curve). (a) total thickness 0.6 gm, (b) total
thickness 1.4 gm, (c) total thickness 2.2 um.

ness of 2.2 um. When only the fundamental and
Ist-order modes are excited (Fig. 7(a)), the total field
distribution is much narrower than the input field
distribution from the fiber (dotted curve). On the
other hand, multimode WGPDs reproduce the input
field distribution well (Figs. 7(b), (c¢)). This is why
multimode WGPDs have extremely high coupling
efficiency. Notice here that the total thickness need not
exceed the width of the input optical field, allowing a
great tolerance in designing layered structures to
. obtain a high coupling efficiency.

It can be concluded from the above results that the
electrical and optical properties-in the y direction can
be designed almost independently of each other for
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Fig. 8 Calculated confinement factor of the guided light (solid
curve) and approximation based on the assumption that
the distribution of the guided light is equal to the
distribution of the input light (dotted curve).

multimode WGPDs.
3.2 The fias7ex Limit

We designed multimode WGPDs with optimized
electrical and optical properties using Egs. (1), (4),
(10), (11), and (12). Among the parameters in these
equations, we have not yet discussed the confinement
factor I' of multimode WGPDs. ' I is given by

r=rI, (14)

where [y and [} are the confinement factors in the x

. and y directions., Since we assumed the WGPD to

have a high-mesa structure in which the guided light is
wel] confined in the x direction, Iy is unity. I is the
integral of the total power distribution over the photo-
absorption layer (core layer):

B=LJO0W@. (15)

Here a rough estimate of the confinemdnt factor is
needed for outlining the performance limit.

However, it is difficult to calculate I} exactly
because the profile of the total field distribution
depends on the photodetector layer structure as shown
in Figs. 7(b) and (c¢). We found that I, can be
roughly estimated by assuming the total field distribu-
tion to be the same as the input field distribution. The
solid curve in Fig. 8 shows the calculated confinement
factor of the guided light in a symmetric multimode
WGPD with a total thicknesses of 2.2 um—corre-
sponding to Fig. 7(c) —as a function of the thickness
of the photo-absorption layer D. The dotted curve is
the approximate confinement factor I obtained by
assuming that the total field distribution is equal to the
input field distribution (a Gaussian beam with a spot

size w:
([EL)ee

were )y is the center, of the total field distribution of the

o dy (16)

core
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multimode WGPD. These curves are close to each
other when D is larger than 0.2 gum—corresponding to
an f; of less than 150 GHz. These features are consis-
tent with the fact that a multimode WGPD closely
matches the input field distribution as described in the
previous section. This result indicates that we can
obtain a rough estimate of Iy with an error of less than
20% by calculating I5.

Based on the above results and dlscusswns the
performance limit of a multimode WGPD was calcu-
lated in the following way:

(1) Starting with the spot size w of the input light as
a parameter, the WGPD width was set at 2w so that an
Nex of more than 95% could be obtained.

(2) Ata given fius, we deduced the combinations of D
and L which satisfy Egs. (1), (4), (6), and (10).

(3) Using these paired values for D and L, we esti-
mated 7.x using Eqs. (11), (12), and (16), and picked
the pair which optimized 7x.

The above procedure assumes that the photo-
absorption layer is entirely depleted and the other
layers are all undepleted, that the wavelength of the
light is 1.55 gm, v.=6.5X% 10° cm/s, v,=4.8 X 10° cm/s,
a=*0.68 um™' M g,=13, R, =50 Q, and that 7.,=90%.
To calculate the performance limits of the WGPD, we
also assumed that Rs=0 () and that R=0. Figure 9
shows the calculated fiup7ex limit of a multimode
WGPD illuminated by Gaussian beams with spot sizes
of 1, 2, and 3 #m. It can be seen that the input field
distribution (or spot size) strongly affects the device
performance. This is because a larger spot size requires
a wider WGPD for which fe is_smaller, which means
that there is still a tradeoff between the electrical and
optical properties in the x direction. Despite this fact,
a comparison with the performance of the surface-
illuminated photodetector shown in Fig. 4 shows that
the WGPD has a great advantage at bandwidths above
10 GHz even when the spot size is 3 um. Moreover,
since a well-fabricated hemispherically-ended single-
mode fiber can focus the light to a spot size of about 1
pm, it should be possible to realize a 100-GHz
photodetector with little degradation of the external
quantum efficiency. However, the parasitic elements
and uncontrollable inductance will degrade this per-
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Fig.9 Theoretical performai‘ce limits of multimode WGPDs.

219

formance, and limiting these factors is the key in
reaching the ideal performance shown in Fig. 9.

On the basis of the above design procedure, we
fabricated some prototype multimode WGPDs (2
These WGPDs had a 0.6-zm-thick undoped InGaAs
photo-absorption layer, and the total thickness of the
InGaAs and InGaAsP layers was 1.8 um. These were
symmetric WGPDs with 4-gm-wide high-mesa struc-
tures. Using a hemispherically-ended single-mode fiber
with a spot size of 1.3 um, the external quantum
efficiency 7ex was measured to be as high as 68% (If the
AR-coating could be perfectly applied, the efficiency
would have been 80%) and their 3-dB electrical fre-
quency fius was over 50 GHz, the upper detection limit
of our measurement system (a 60-GHz-bandwidth was
predicted by a SPICE simulation). Although a para-
sitic element (Rs=35()) and an unexpectedly large
inductance (Lz=0.4 nH) degraded the performance to
some degree, the experimental value is very close to the
calculated performance limit shown in Fig. 9.

3.3 Extended Design Concept to Overcome the
ﬁdﬂf}ex Limi[

Are there any ways of overcoming the perfor-
mance limit of WGPDs? The degradation of the exter-
nal quantum efficiency in the ultrawide-band region
shown in Fig. 9 is mainly due to the coupling loss in
the x direction, since a narrower photodetector width
is required for a wider bandwidth. In order to over-
come the figs7ex limit, low loss coupling in the x
direction is thus essential. To improve this coupling .
efficiency, we recently integrated a multimode WGPD
with an input waveguide to compress the input light in
the x direction through a tapered structure."®

This WGPD, shown in Fig. 10, was fabricated by
two-step epitaxial growth. It has an asymmmetric struc-
ture (0.6-um undoped InGaAs/0.8-um p*-InGaAsP)
and its tapered waveguide has a double-hetero struc-
ture (1-zm n-InP/0.1-zm n-InGaAsP/0.9-um n-InP).
The width of the input waveguide decreased from 4
pm to the width of the WGPD. The external quantum
efficiency was measured and is plotted as a function of

MULTIMODE
WGPD 20 pm

INPUT
WAVEGUIDE

e 0.6pm i- InGaAl

0.8um p* -InGaAsP(hg=1. 3|,u'n)

1pm 0 -InP
0.1pm nt InGaMP(l.x =1.3pm) .
0.9um n*-InP

Sl - InP SUBST RATE

Fig. 10 Schematic view of the fabricated multimode WGPD
with an input tapered waveguide.



220
£
k- i uide
waveguide WGpp
A L ) =
% 50 without AR *H™
W40 a
30
20 diameter of optical
field from fiber
10
E 0 1 2 3 4 5
WIDTH, W [um] y

Fig. 11 Measured external quantum efficiency of the integrated
. WGPD (circles) and calculated efficiency of a solitary
WGPD as a function of the WGPD width.

the WGPD width W as shown by the circles in Fig. 11.
These results are compared with the calculated
efficiency of a multimode WGPD without an input
waveguide (shown by the curve). The external quan-
tum efficiency (from the fiber to the WGPD via the
waveguide) is almost independent of W and remains
constant at 40% without an AR coating (more than
55% is expected with AR) even for a l-um-wide
WGPD. The measured efficiency is mainly reduced by
a radiation loss at the joint, but should be improved to
be 80% (with AR) if a perfect butt-joint configuration
can be achieved. )

These results, together with the performance of the
multimode WGPD discussed in the preceding sections,
indicate thaf the dimensions of the photo-absorption
layer can be reduced without degrading the coupling
efficiency by means of a multimode waveguide struc-
ture for the y direction, and integration with a tapered
waveguide for the x direction. This extended design
concept should enable the performance limits of soli-
tary multimode WGPDs to be overcome.

4, Conclusion -

The tradeoff situation between the bandwidth and
coupling efficiency of WGPDs can be resolved by
adopting a multimode waveguide configuration. By
calculating the performance limits of both conven-
tional surface-illuminated photodetectors and side-
illuminated photodetectors, we have shown that
multimode WGPDs have a great advantage over con-
ventional surface-illuminated photodetectors in terms
of their fius7ex product at ultrawide-bandwidths. The
performance is strongly related to the input optical
power distribution and, in the case of input light with
a l-pm spot size, a 100-GHz bandwidth can be
achieved with little degradation of the external quan-
tum efficiency. We have also suggested a design tech-
nique for increasing the performance limit by includ-
ing an input tapered waveguide, and produced prelimi-
nary results which attest to the possibility of construct-
ing limit-free photodetectors.
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