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Frequency Response of Avalanche Photodetectors
with Separate Absorption and
Multiplication Layers

Weishu Wu, Aaron R. Hawkins, and John E. Bowers

Abstract—We present analytical expressions for the frequency
response of avalanche photodetectors (APD’s) with separate ab-
sorption and multiplication regions (SAM). The effect of the
electric field profile in the multiplication layer on frequency
response is considered for the first time. Previous theories have
assumed that the multiplication layer is very thin and the peak
electric field, which corresponds to the effective multiplication
plane, is positioned away from the absorption layer. This is
a poor assumption for many devices, and in particular for
silicon hetero-interface photodetectors (SHIP’s). We present a
theoretical model in which the thickness of the multiplication
layer is arbitrary and the peak electric field may be positioned
arbitrarily in relation to the absorption layer. We also consider
the effects of parasitics, transit-time, and avalanche buildup
time. Both front and back illumination from either multiplication
layer or absorption layer are considered. The calculated results
are compared with experimental results for existing SHIP’s
and performance predictions are also made for optimized SHIP
structures. SHIP APD’s with gain-bandwidth product in excess
of 500 GHz are possible.

1. INTRODUCTION

VALANCHE photodetectors (APD’s) are useful for op-

tical fiber communication systems operating pear 1.3
or 1.55 pm [1]-[5] because APD receivers exhibit a higher
sensitivity than PIN receivers due to the internal gain provided
by APD’s. Conventional InGaAs APD’s have limited gain-
bandwidth product and poor noise figure because of the small
difference between hole and electron ionization coefficients
in II-V semiconductors used to fabricate these detectors
[6]-[7]. Si APD’s are well known for low excess noise and
high gain-bandwidth product due to the large difference of
hole and electron ionization coefficients [8]. However, the
quantum efficiency of Si APD’s is negligible at 1.3—-1.55 pm,
making them unusable for fiber communication systems. To
take advantage of the small excess noise of the multiplication
process and high gain-bandwidth product and obtain high
quantum efficiency, a structure based on fusing silicon to
InGaAs has been proposed and demonstrated [5]. As shown in
Fig. 1, Si is used as the multiplication material and InGaAs is
used as the absorption material in the silicon hetero-interface
photodetector (SHIP detector). The structure and/or the electric
field profile' in this APD is quite different from that of the
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Fig. 1. Schematic drawing of the structure of a SHIP detector.

existing Si APD’s [9], [10] and InP/InGaAs APD’s [11]-[13]
and previous analytical expressions applicable to these earlier
detectors are not accurate.

Previously, MclIntyre [14] analyzed the frequency response
of an APD with both electron and hole injection into the
multiplication layer and Campbell et al. [11] presented a
simple expression for the frequency response of an InP/InGaAs
APD with only hole injection. This treatment is actually not
valid for APD’s with separate absorption and multiplication
(SAM) structure. More recently, Campbell er al. [12] derived
expressions of frequency response for a SAM-APD. This
analysis was based on the assumptions that the multiplication
layer was thin and the peak electric field (corresponding
to the effective avalanche plane) was at the edge of the
depletion layer, i.e., the interface of InP and the substrate.
As a consequence, the conttibution from the secondary major
multiplying charges (holes in the case of InP/InGaAs APD’s)
to the photocurrent was neglected. As the multiplication layer
gets thicker and/or the peak electric field shifts from the edge
of the depletion layer, the contribution from the secondary
multiplying charges can no longer be neglected. Other analyzes
on the frequency response based on the approach of directly
solving the carrier transport equations in the frequency do-
main [15] have also been presented by Hollenhorst [16] and
Kahraman ez al. [17]. Although these approaches [16]-[17]
provide us a way of numerical calculation to take into account
the effect of electric field profile on the frequency response,
analytical expressions for both time and frequency response
are difficult to obtain.

To obtain analytical expressions for time and frequency
response of a SAM APD with atbitrary electric field profile,
we use the concept of effective multiplication plane within
the multiplication layer. This is a similar simplification for the
multiplication process by assuming most of the multiplication
occurs at that plane, which was previously assumed to be the
edge of the depletion layer [12]. Effects of transit-time, para-
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sitics, and avalanche buildup time on the frequency response
are included, and the effect of hole trapping at the hetero-
interface can be easily incorporated into the analysis depending
on the type of the multiplying charge. Both front- and back-
illumination are considered. Previous expressions given in [12]
are a special case of this treatment.

This paper is organized as follows. Section II will discuss
the effect of electric field profile on the performance of an
APD. It will then be clear why a structure with peak electric
field near the interface of absorption and multiplication layers
is superior to that with a peak electric field near the edge
of depletion layer. In Section III, we present an analysis
of frequency response of a SAM-APD, taking into account
the contribution from the secondary multiplying charges. In
Section IV, we use the formula to calculate the bandwidth
and gain-bandwidth product for SHIP’s, and compare it to the
data from our primary measurement of a SHIP detector. Per-
formance of a SHIP detectors with various parameters will be
predicted. Finally, in Section V, conclusions will be presented.

II. EFFECT OF ELECTRIC FIELD PROFILE
ON AVALANCHE BUILDUP TIME

It is well known that the ionization coefficients of semi-
conductors are functions of electric field. Given electron
ionization coefficient « and hole ionization coefficient 3, the
multiplication gain for electrons M. can be expressed as [18]

M, = {1 _ /0 " wexp (~ /0 "o - ﬁ(:c’)]dz’) dx}
(1)

where w,, is the thickness of the multiplication layer. This
expression is valid for pure electron injection from z = 0. For
a uniform electric field profile, the above expression of M,
reduces to a simpler form [18]

_ (a=B)expl(a - B)un]
a— Bexpl(a = Bwn]

For silicon, the major multiplying charge is electron because
o is 50 to 100 times larger than (3. At higher electric fields,
the ratio 3/c becomes larger, resulting in larger excess noise
factors [8], [19] as well a larger avalanche buildup times [15].
For a uniform electric field and equal saturation velocities, the
avalanche buildup time, 7 = M.7,,, is related to the ratio of
the ionization coefficients by the following expression of the
intrinsic response time 7, [15]:
B wm

Tm = K1 ——— &)
o v

-1

M, )

where x; is a correction factor which slowly varies with the
ratio 3/« [15], and v is the saturation velocity in avalanche
region. For a nonuniform electric field profile, 7,,, must be
calculated by the following expression [20], [21]:

T — o j:- ™ /(;wm K2 €Xp [_ /Ox[a(x,) _ ﬂ(ml)]dwl] d::‘4)

where x5 is another correction factor which varies with the
ratio 8/« and the ratio of the saturation velocities [21]. It
can be easily shown that a uniform electric field profile is
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Fig. 2. Comparison among (a) a uniform electric field profile, (b) a
two-segment piece-wise uniform electric field profile with electrons injected
from the higher field segment, and (c) a two-segment piece-wise uniform
electric field profile with electrons injected from the lower field segment, for
a 0.5 pm thick multiplication layer. Case (b) is most desirable because of
its smallest operating voltage (the area under the profile), smallest avalanche
buildup time [estimated using (4)], and the smallest Aw,.

inferior to some other simple profiles. Referring to Fig. 2,
we compare a uniform profile to a piece-wise uniform profile
with two segments, for simplicity. Using Grant’s ionization
coefficients for silicon [18], we obtain that the electric field
required to achieve high gain (close to breakdown) with an 0.5
pm thick avalanche layer is F,,; = 373 kV/cm. For a two-
segment piecewise uniform profile, the required electric field
is dependent on the direction in which electrons are injected.
Assume that the electric fields for the lower portion of the
profile are the same, say, Ejow = 273 kV/cm. If the electrons
are injected from the higher electric field side, then the electric
field for the higher segment required to achieve high gain
is Epj1 = 427 kV/cm. On the other hand, if electrons are
injected from the other side, then the electric field for the
higher segment will be Ey;2 = 445 kV/cm to achieve high
gain. The reason that the piece-wise uniform profile with its
higher segment facing the injected electrons is better than
the uniform profile can be explained as follows. First, the
voltage needed to deplete the multiplication layer is smaller.
Second, the effective multiplication plane is shifted toward
the absorption layer. Therefore, the effective transit time for
the secondary charges will be smaller, resulting in a larger
bandwidth for transit time limited APD’s. Third, according to
(4), the effective avalanche buildup time is smaller, resulting
a large gain-bandwidth product. From a practical point of
view, this is very important in designing a high-speed APD.
Generally speaking, an electric field profile with its peak close
to the absorption layer is desirable. Fig. 3 shows the electric
field profile of a SHIP detector without the intrinsic Si layer
(see Fig. 1). Note that for this structure, the peak electric
field is not at the edge of the depletion layer. Instead, it is
close to the heterointerface of the multiplication layer and the
absorption layer. Such an electric field profile is quite different
from the model that was used in InP/InGaAs APD’s [12]. As
a consequence, the frequency response of this type of APD
will be different from that derived previously. For this type of
electric field profile, as well as other profiles whose effective
multiplication plane not located at the edge of the depletion
layer, a new theory of the frequency response is needed.

III. FREQUENCY RESPONSE OF SAM-APD’s

The frequency response is a very important measure for
APD’s because of their application in high bit-rate communi-
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Fig. 3. Calculated electric field profile of a SHIP detector biased near
operating voltage. The detector structure consists of a 6 X 1016 cm™3 n-type
doped silicon wafer implanted with a 3.5 X 10'> cm™2 dose of 10 keV boron
atoms. Attached to the silicon is a 1.0 gmthick intrinsic InGaAs layer and a
thin p* InGaAs layer for ohmic contact.

cation systems. In designing and optimizing a SAM-APD, it is
necessary to calculate the frequency response for given device
parameters. Earliest treatment of the frequency response of
SAM-APD’s assumed that the effects of transit time, high-gain
roll-off due to avalanche buildup time, and hole trapping at the
heterointerface are all independent of each other. As a result,
the frequency response was expressed as a product of terms,
each representing one of the effects [11]. In reality, however,
these effects are not independent of each other. More recently,
Campbell et al. [12] presented an expression for the frequency
response of InP/InGaAs APD’s. However,, the contribution of
the secondary holes to the frequency response was ignored.
Such an approximation is only true when it can be reasonably
assumed that all the secondary charges are generated at the
edge of the depletion layer. This assumption was partly
justified in that treatment because the electric field profile was
triangular with its peak located at the edge of the depletion
layer (interface of p* /p-InP). As a result, multiplication
took place near the peak field and the secondary holes were
collected right after they were generated and their contribution
to the impulse response could be neglected. Although this
assumption may be a good one for that particular structure, it
does not apply to other structures where the peak electric field
is not at the edge of the depletion layer. For SHIP detectors, as
well as other SAM-APD’s with different electric field profiles,
we can no longer neglect the contribution of the secondary
major multiplying charges (holes for InP and electrons for Si)
to the frequency response of the APD’s. The effect of the
transit time of these secondary multiplying charges on the fre-
quency response becomes more important when the thickness
of the multiplication layer becomes larger. Hence, a model
taking into account the contribution of secondary multiplying
charges to the frequency response is needed for analyzing more
precisely the performance of these APD’s. In what follows, we
present the analytical expressions of frequency response for
SAM-APD’s, taking into account the contribution from the
secondary multiplying charges. The notation is based on the
assumption that electrons are the major multiplying charges.
Hole trapping at the hetero-interface is not considered till
the next section so that these expressions can be used for
hole-multiplying APD’s with minor modifications.
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Fig. 4. One-dimensional model of a SAM-APD.

Referring to Fig. 4, we assume that the thickness of the
absorption layer is w, and that of the multiplication layer is
Wa,. We assume that all the secondary charges are generated at
the same plane (the effective multiplication plane) inside the
multiplication layer. In this theory, this plane is located from
the interface of the absorption layer and the multiplication
layer by a distance of Aw,,. We further assume that the
APD is back-illuminated from the side of the multiplication
layer, as shown in Fig. 4. In addition, we assume that both the
absorption layer and the multiplication layer are fully depleted
such that the thickness of the depletion layer is simply given by
Wq = Wq+wWpm. In this case, the photocurrent can be written as

ipn(t) = ~- 0N (1) + 0, P(1) + 0 No(t) + 0, P5(0)] - (5)
where ¢ is the electronic charge, v, and v, are the electron
and hole saturated drift velocities, and N (¢), P(¢), N4(t), and
Ps(t) are the total number of uncollected photogenerated
primary electrons, primary holes, secondary electrons, and
secondary holes in the depletion region, respectively. In the
frequency domain, the signal current read through the load
resistor can be expressed as

q O N (W) 4 v No(w) + v, P(w) + v, Py (w)
1= w?LC + jwO(Rs + R))

(©)

ia(w) = L
where L is the parasitic inductance, C is the total capacitance
of the APD, R, is the series resistance, R; is the load
resistance, and N(w), P(w), Ns(w), and P,(w) are the Fourier
transforms of N(t), P(t), Ns(t), and P;(¢), respectively.

To calculate the frequency response, we take the Fourier
transform of N(t), P(t), Ns(t), and Ps(¢) generated by an
input optical impulse [21]. The impulse response for an
APD with a structure shown in Fig. 4 illuminated from the
multiplication layer is given by

N () :”h—lj’[l — exp(—awa)][u(t) — u(t — )]
+ [exp(—av,(t — t2)) — exp(—ow,)]

¢ [u(t — ta) — ult — ta — t3)] %)
P =001 exp(any (¢ — ta))fu(t) = ult — )

®
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A‘;E(i)l :{n—h{?[l — exp(—aw,(t — t1))]
X [u(t —t1) — u(t — t1 — t3)]
+ 1—?[1 — exp(—owq)]
X [u(t — t1 — t3) — u(t — t5)]
+ %[exp(—avn(t —t5)) — exp(—ow,)]
X [u(t —t5) —u(t — ts — ts)]}
exp[—t/ (Mo — 1)Tm]
® (Mo — 1)1, ®
N,(t)
My -1

= {ZL—IZO[l — exp(—awy(t — 11))]
X [u(t — t1) — u(t — t2)]
4 PO (-t~ 1)) - exp(=ava(t — 1)
X [u(t —t2) — u(t —t; — ta)]}

+ {Tlh—io[exp(—avn(t —t9)) — exp(—aw,)]

X [u(t —t1 —t3) —u(t —tg — ts)]}

® exp[—t/(Mo — 1)7n,)
(Mg - l)Tm
(Wi < Wq + 2Awy,)

(10

or
N(t)
My -1
- { 1’52[1 — exp(—ava(t — 11)]
X [u(t _ tl) — u(t —_ tl —_ t3)]
+Qh—};—0[1 — exp(—aw,)[[u(t —t1 — t3) —u(t — tz)]}
+ {nh—lio[exp(—avn(t —t2)) — exp(—aw,)]
X [’Lb(t — tz) — ’Lt(t — tz — tg)]}
exp[—t/(Mo — 1)7m]
My = D ab
(W, > W + 2Awy,)
where 1 = AWn/Un,ts = Wm/Un,ts = We/Un,ts =

Wa[Vp, b5 = Wa /Vp+AWm [Vn+Awn [vp, Py is the energy of
the optical impulse, hv is the photon energy, 7 is the external
quantum efficiency, « is the absorption coefficient, M is the
dc gain of the APD, 7, is the avalanche buildup time constant
of the APD, and ® stands for the convolution operation.
In deriving the expressions for the secondary charges, we
have assumed that the multiplication takes place at the plane
which is Aw,, away from the interface, as shown in Fig. 4.
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The impulse response is broadened by the multiplication
process as indicated by the convolution operation. Note that
the impulse responses are piece-wise functions with each
segment describing the generation, drift, and/or reduction of
the photocarries in the depletion region. The physical meaning
of each term of the impulse responses is clear. For example, the
first term in N (¢) represents the drift of the electrons from the
absorption region to the multiplication region, while the second
term represents the reduction of the electrons due to collection
at the edge of the multiplication layer. Similarly, the first term
of P,(t) represents the generation of the secondary holes; the
second term represents the drift of all the secondary holes; and
the third term represents the reduction of the secondary holes
due to the collection at the edge of the absorption layer. It is
worth noting that mathematically (10) and (11) are equivalent
regardless of the magnitudes of w,, and w,, although the
physical meaning of each corresponding term is different.
The impulse responses (7)—(10) are qualitatively illustrated in
Fig. 5.

The Fourier transforms of the impulse responses are given
by

N(w)
_ nPo[1 - exp(—aw,) i
=0 [———————jw + exp(—jwwm, /vn)

. 1 1
% [1 — exp(—awa - ]wwﬂ/vn)] (m h .7_“])]
(12)

~ Wa /Un 7]PU .
Pw) = /0 E[l — exp(—aw, + avpt)] exp(—jwt)dt

_ nPo [ 1 — exp(—jwwa/vp)
hv

Jw

13)

+exp(—-jwwa/vp) — exp(—aw,)
Jjw — avp

= WI;—O exp(—jwAwm /va)[1 — exp(—aw, = jwwa/vn)]
X [1 — exp(—jw(wa + Awp)/vp)]

1 1 1
- = 14
X (jw jw-}-avn)l—!-jw(Mo—l)Tm (14
N, (w)
My-1
_ ’/]Po . .
=5 exp(—JwAw, /vp)[1 — exp(—aw, — jww, /va)]
X [1 — exp(—jw(Wm — Awn,)/vp)]
1 1 1
_—— . 15
g (jw jw+avn)1+jw(Mo—1)Tm (1

The Fourier transform of (11) is the same as (15), as we expect.
From (6), it can be shown that the dc photocurrent is equal
to the gain times the number of photoinduced electron-hole
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Impulse response of a SAM-APD for (a) primary clectrons, (b) primary holes, (¢) secondary holes, and (d) secondary electrons.

Fig. 5.

pairs
is(w = 0) = gg[vn_f\?(O) + v, N, (0) + v, P(0) + v, 5,(0)]
= /;o ipn(t)dt = g%?Mo[l — exp(—aw, )]

(16)

The frequency response, which is usually expressed as the
ratio of the signal current to the dc current, can be written as

is(w) hv g 1
is(0) ~ nPyMy[l — exp(—aw,)] © 1 —- w2LC + jwRC

« wid 00 N (@) + 00 Vo (@) + vy P(w) + 0By ().
an

Equation (17) gives the frequency response for a SAM-APD
in which multiplication takes place at a plane located Aw,,
away from the interface of the absorption layer and the
multiplication layer. When we set Aw,, = Wy, (12)—(15) then
reduce to the expressions obtained by Campbell et al. [12]. By
setting Aw,,, = 0, we have the expressions for the frequency
response of an APD in which multiplication takes place at
the interface. In addition, (17) can be easily generalized to
SAM-APD’s with a “grading” layer. The presence of such
a grading layer is equivalent to an increase in Aw,,. By
properly choosing the value of Aw,,, the effects of electric
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P(t)

(®)

N (1)/(M-1)

|
|
|
t1+t3 t2+t3

(d)

field profile and/or grading layer can be taken into account.
Note that in deriving (17), the effect of hole trapping at the
hetero-interface has been neglected. The reason for this is to
keep the expressions of the frequency response valid for both
cases of APD’s with either electron multiplication or hole
multiplication. For SAM-APD’s with hole multiplication, we
only need to interchange P and N, as well as the p and n
subscripts in (7)—(15). For an APD with a properly designed
grading layer, hole trapping may be reasonably neglected.
If this is not the case, then the effect of hole trapping can
be treated as in [12] by the use of an effective emission
rate of holes at the heterointerface, e;. For APD’s with hole
multiplication, it is exactly the same as the case treated in [12],
i.e., the drift term of the primary holes should be modified
accordingly. Therefore, P(w) should be modified ro

P(w)
_ nPo[1—exp(—aw.) n Jjw/en + exp(—jwwm/v,)
T hy Jjw 1+ jw/ey
. 1 1
x [1 — exp(—aw, —jwwa/vn)]<m - ;;)]
(18)

and both P,(w) and N, (w) should be multiplied by the factor
1/(1+jw/es). For APD’s with electron multiplication, N, (w)
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and P(w) are not affected, but P,(w) should be modified to

P.(w)
My —1

P,
= %170 exp(— jwA W, /vn)[1 — exp(—aw, — jwwe/v,)]

. oo en + exp(=jwwa/vy)
X {1 exp(—JjwAWm, [vp) Tt jwjen
1 1 1
X | — — = X - .
(jw jw + a’un) 1+ jw(My — )7

Electron trapping at the interface, on the other hand, is either
absent or can be reasonably neglected due to the fact that the
electron effective mass on the injection side is about 20 times
smaller than the hole effective mass.

Another consideration in the frequency response of
SAM-APD’s is the direction of illumination light. Equation
(17) is derived under the assumption that the APD is
illuminated from the multiplication layer. For APD’s with
light incident from the absorption layer, the impulse response
is given by

(19)

N(t) = "h—lioll — exp(—aw,)][u(t) — u(t — t2)]
+ %[1 — exp(avp(t — ta — t3))]
X [u(t = t2) — u(t — t2 — t3)] (20)
P(t) = nh_}} [exp(—awpt) — exp(—awa)][u(t) — u(t — ta)]
@21

X [u(t —t1) — w(t — 1 — t3)]

+ nh—lz)[l — exp(—aw,)|[u(t — t1 — t3) — u(t — t5)]
+ %9[1 — exp(awvn(t — t3 — t5))]

X [u(t - t5) - u(t —t3 — t5)]}
® exp[—t/(Mp — 1)7m]

it 22)
D [0 e fexp(antt ~ 1)~ 1

x [u(t —t1) —u(t — t2)] + 7;}—1;0 exp(—aw,)
X [exp(avn(t — t1)) — exp(av, (t — £2))]

X [u(t —to) —u(t —t; — t3)]}
+ {Eh%[l — exp(av, (t — t2 — t3))]

X [u(t —t1 —ta) —u(t —ty — ts)}}

exp[—t/(My — 1)7,) ‘

® (M() — 1)’7’m

(23)
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The Fourier transforms of (20)-(23) are given by

Nw) = 20 [—‘—“—1 0PI _ p(—juwtom fvn)

T hy jw
X [exp{—awg) — exp(—jwwq /vy,)]

(=)
X\————
Jw  jw — v,

Plw) = nPo [1 — exp(—jww, /vy, — awg)
hv Jw + av,
1 — exp(—jwwa/vp)
- jw }

(24)

25

Ps(w) _ nPO .
M1 e exp(—JjwAwy, /vn)
X [exp(—atw,) = exp(~ger /o)

X [1 — exp(—jw(wa + Awm)/vp)]

y 1 _ j_ 1
jw—av, Jw/)1l+4jw(My— D1y
(26)
N, (w) 1P .
Mo—1- o exp(—jwAw,, [v,)
X [exp(—aw,) — exp(—jwwa /vn)]

X [1 — exp(—jw(wn — Awy,)/vn)]

wf—1 1 1
Jw—av, jw/)l+jw(Mo— )7
27

With (24)—(27), the frequency response of an APD illuminated
from the absorption layer can be easily obtained by using (17).
Again, for hole multiplying APD’s, P and N, as well as the
subscripts p and n in (20)—(27) should be interchanged. It can
be shown that in the limiting case of aw, < 1, (24)—(27) are
the same as (12)—(15). On the other hand, if aw, > 1, then
illumination from different directions can make a significant
difference to the frequency response.

As a comparison of this theory to the previous theory
with the assumption of Aw,, = w,,, we now calculate
the frequency response for a SAM-APD with the structure
shown in Fig. 4. The parameters used in our calculation are
we, = 1 pm, w,, = 0.5 um, Aw,, = 0, dc gain My =
10, and absorption coefficient @ = 1.15 pum™!. The total
resistance and capacitance are assumed to be 60 €2 and 0.1 pF,
respectively. The inductance is assumed to be small enough so
that it is neglected here. The saturation velocities of holes and
electrons are 4.8 x 10° cm/s and 7.0 x 10° cm/s, respectively,
corresponding to InGaAs. As we can see from Fig. 6, the
difference in 3 dB bandwidth predicted by our theory and the
previous theories is significant for this case even when wy, is
still much smaller than w,.

IV. FREQUENCY RESPONSE OF SHIP DETECTORS

The expressions for the frequency response of SAM—-APD’s
derived in the previous section can be used to analyze the
performance of SHIP detectors. The electron and hole ioniza-
tion coefficients are also required to determine the frequency
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Fig. 6. Frequency response of a SAM-APD with wn,, = 0.5 pum and

we = 2 pm. Solid lines shows the result obtained using this theory
with Awy,, = 0, while the dashed line shows the results obtained with
AWp, = Wm.

response of the SHIP’s. These ionization coefficients vary
with electric field and experiments to determine these co-
efficients by measuring carrier multiplication have yielded
widely different results, especially at high electric fields [18],
[23], [24]. The APD’s used to make these measurements
utilized the same region for multiplication and absorption and
a very exact knowledge of electric field profiles and device
structures are required to make an accurate determination. of
ionization coefficients. This have turned out to be very difficult
to achieve as we can see from the discrepancies presented in
the previous measurements. Fortunately, as far as the gain-
bandwidth product is concerned, only the ratio of the ionization
coefficients [cf., (3)—(4)] needs to be determined. The ratio of
the ionization coefficients can be determined more accurately
by measuring the excess noise of an APD versus multiplication
gain [4]. Kaneda [25] did measurements of the ratio in silicon
using a “reach through” structure [26] similar to a SAM APD.
This method should be much more accurate at high electric
fields. According to the measurements by Kaneda, the ratio
of the ionization coefficients in silicon as a function of the
thickness of the multiplication layer can be expressed as [25]
ket (Wm) = 0.22kGrant(wy,) where kgrant(wr,) is the ratio
obtained by using Grant’s ionization coefficients for a given
thickness of the multiplication layer. The ratio of the ionization
coefficients obtained from Kaneda’s experiment should be
more applicable in computing the frequency response of the
SHIP’s because the measurement is based on a similar APD
structure and were derived from values accurate at high electric
fields.

Using the analytical expressions for the frequency response
derived in the previous section and the ratio of the ionization
coefficients in silicon, we calculate the 3 dB bandwidth of
a SHIP detector. The parameters for the SHIP detector are
R = 2020 Q,C = 0.1 pF, wy, = 2.5 ym, w, = 1 um,
and absorption coefficient o = 1.15 um ™!, The structure of
this APD requires our newly derived theory be employed in
analyzing its frequency response. This is because the thickness
of the SHIP detector is so large that it can no longer be
neglected compared to that of the absorption layer. In addition,
due to the presence of the implanted p* layer at the interface of
i-Si/i-InGaAs, the peak electric field is located at the interface
instead of the edge of the depletion layer, as shown in Fig. 3.
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Fig. 7. A 3 dB bandwidth as a function of the multiplication gain for a SHIP
detector with wg = 1 pm, wy,, = 2.5 pm. The resistance and the capacitance
of the SHIP detector are 2020 €2 and 0.1 pF, respectively. The experimental
data points are also shown in the figure.
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Fig. 8. 3 dB bandwidth as functions of the multiplication gain for optimized
SHIP detectors with gain-bandwidth greater than 500 GHz. The thickness of
the multiplication layer is 0.5 pxm, and the thickness of the absorption layer
is 1 pum. The solid line is for the case of R = 60 €2, while the dashed line
is for the case of R = 2020 Q.

Therefore, we can no longer assume that all the multiplication
takes place at the edge of the depletion layer. Consequently,
the contribution to the frequency response from both the
secondary electrons and the secondary holes must be taken
into account. In Fig. 7, the 3 dB bandwidth is plotted for the
SHIP detector as a function of the multiplication gain. The
calculated results are in agreement with the measured results
for the SHIP detector [5].

The performance of SHIP detectors can be optimized by
changing the thickness of the multiplication layer and/or the
electric field profile. Fig. 8 shows the 3 dB bandwidth vs.
multiplication gain for a SHIP detector with w, = 1 pm,
Wy, = 0.5 pm and Aw,, = 0.3 um for R = 2020 Q and
R = 60 Q. To achieve a 10 GHz bandwidth ceiling at low
gain region, the resistance of the SHIP detector should be
reduced to 60 2. The gain-bandwidth product constants at
high gain region for both cases are about 550 GHz. This gain-
bandwidth product is five times higher than is expected or
measured for InGaAs/InP APD’s, and indicates the potential
of SHIP detectors.

V. CONCLUSION

In conclusion, we have presented a theoretical analysis on
the frequency response of SAM-APD’s taking into account
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the effects of parasitics, transit time, and avalanche buildup
time. For the first time, we have considered the effect of
electric field profile in the multiplication layer on the frequency
response. Previous expressions of the frequency response can
be regarded as special cases of this theory. We have compared
the calculated results to the experimental results obtained from
the measurement of a SHIP detector. We have also shown
that an optimized SHIP detector can exhibit a gain-bandwidth
product larger than 500 GHz.
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