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Abstract—TIt is shown that optimization of the electric field pro-
file in the absorption region of separate absorption, charge, and
multiplication InGaAs-InAlAs avalanche photodiodes is critical to
achieve low excess noise and high gain bandwidth product.

Index Terms—Avalanche photodiodes (APDs), excess noise
factor, impact ionization, photodetectors.

1. INTRODUCTION

VALANCHE photodiodes (APDs) are important com-

ponents in many optical receivers due to the sensitivity
margin provided by their internal gain. The seperate absoprtion,
charge, and multiplication (SACM) structure APD, which
consists of an absorbing region and a multiplication region
separated by a charge layer, has the advantage that the photon
absorption process and the carrier multiplication process are
independent and can be optimized individually to improve both
the noise and speed performance [1]. Further, this structure ef-
fectively suppresses tunneling in the narrow bandgap-absorbing
layer.

Ing 53Gag 47As—Ing 50 Al 48 As (referred to below as InGaAs
and InAlAs) APDs have been studied for high-bit-rate optical
communication applications [2], [3]. Reduction of the transit
time in these APDs can be achieved by utilizing thin absorption
layers [4]-[6]. For high responsivity in normal incidence APDs,
however, a thick absorption layer is required (the quantum ef-
ficiency of a InGaAs-InAlAs SACM APDs with a 1.5-um
InGaAs absorption region is 13% higher than that with a 1-pum
InGaAs absorption region), which results in a tradeoff between
the sensitivity and the speed. Further, it has been shown for
InP-InGaAs separate absorption and multiplication APDs that
impact ionization in the absorption region, which is more pro-
nounced for thick absorption regions, can significantly reduce
the gain—bandwidth product [7]-[10]. In this paper, we study
the speed and noise performance of InGaAs—-InAlAs SACM
APDs with a thick (~ 1.5 um) absorption region. We find that
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Fig. 1. Schematic layer structure of the InGaAs—-InAlAs SACM APD.

the doping profile in the InGaAs absorption layer influences
the level of impact ionization in that layer, which, in turn,
significantly affects the gain—bandwidth product and the excess
noise.

II. DEVICE STRUCTURE

The structures were grown in a molecular beam epitaxy
reactor, on semi-insulating InP substrates. As shown in Fig. 1,
the first layer grown was a 100-nm-thick unintentionally
doped InAlAs layer to suppress silicon diffusion into the
semi-insulating InP substrate from the InAlAs n-contact layer,
which can cause excessive parasitic capacitance between
contact pads. A 500-nm-thick heavily doped n™-type (silicon,
> 8 x 1018 cm~3) InAlAs layer was grown as a buffer layer and
was followed by a 500-nm n*-type (silicon, > 5 x 108 cm=3)
Ing 52Alp.4sAs contact layer. Following the n-type contact
layer, was the multiplication region, an intrinsic InAlAs layer,
with a thickness of 200 nm. Next to be deposited was the charge
layer, 150-nm-thick p-type (Be-doped) Ing 50Alg 48As. A 1000
or 1500-nm-thick intrinsic InGaAs, which was sandwiched
between two 50-nm-thick unintentionally doped InAlAs spacer
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TABLE 1
PROPERTIES OF APD WAFERS
Parameter Wafer A Wafer B Wafer C
Absorption Ipm 1.5um 1.5um
layer thickness
Absorption Unintentional n-type | Unintentional n-type | p~ doping of
layer doping background doping background doping 5X10"%cm™
2X10" em™ 2X10" em™
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Fig. 2. Measured 3-dB bandwidth versus gain for devices A, B, and C.

layers, was grown as the absorbing layer. The 50-nm undoped
InGaAlAs grading layers were inserted to reduce the barrier
between InAlAs and InGaAs in order to prevent hole pile-up
in the heterointerface. Then a 400-nm-thick p-type (Be-doped,
7 x10'® cm™—2) InAlAs window layer was grown. The p-type
contact layers consisted of 100 nm of Ing52Alg 48As (Be:
> 2 x 10 cm™3) capped with 50 nm of InGaAs doped at
the same level. The wafers studied are compared in Table I.
SIMS measurements on all three wafers indicated that, within
the measurement accuracy, the structures of wafers A, B,
and C were as designed with the same charge doping level
of 3.2 x 10’ cm™3. This was also confirmed with capaci-
tance—voltage measurements.

The wafers were fabricated by wet chemical etching into back
illuminated mesa structures with diameters in the range 20 to
50 pm. The 50-pm-diameter devices were chosen for speed and
noise measurements. The mesas were passivated by plasma-en-
hanced chemical vapor deposition of SiO». The passivation also
served as a partial antireflection coating. Ti-Pt—Au metal dot
contacts were deposited on the top p-surface of the mesa, and
AuGe-Ni—Au contacts were deposited on the n-surface. Con-
ventional photolithography and liftoff metallization techniques
were used to define the metal contacts. Microwave contact pads
with an air-bridge connection were fabricated for high-speed
measurements.

III. RESULTS AND DISCUSSION

S21 Frequency response measurements were made on
50 pm-diameter devices at the wavelength of 1.3 pm. Fig. 2
shows the measured 3-dB bandwidth of devices A, B, and C.
If avalanche multiplication is confined to the multiplication
region, the gain—bandwidth product should be same for all
three devices since they have the same multiplication region.
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Fig. 3.
of 20.

One-dimensional electric-field profile of devices A, B, and C at gain

Devices A and C have the same gain—bandwidth product of
120 GHz, an indication that there is insignificant impact ioniza-
tion in the absorbing layer for these two devices. However, for
device B, the bandwidth begins to drop at M = 15. This band-
width degradation compared to devices A and C is due to impact
ionization in the thick InGaAs absorption region. In the SACM
structure, a high electric field in the multiplication region is
required to provide gain, whereas the electric field intensity in
the absorbing layer is required to be sufficiently low so as 1) to
suppress tunneling and 2) to minimize carrier multiplication in
the absorbing region, which is extremely detrimental to APD
speed performance [7]-[10]. The electric field strength that
causes significant low field carrier multiplication in InGaAs
is approximately 150 kV/cm [11], whereas the threshold for
tunneling is approximately 220 kV/cm. This speed degradation
for device B can be explained by the electric field profile in
the absorption region (Fig. 3). The n-type background doping
in device B contributes to an electric field profile in which the
field in the absorption region closer to the top surface is higher
than at the side near the charge layer. When the gain exceeds
~ 15, the electrical field in the absorption region of device
B is ~150 kV/cm. With further increase in the electric field,
impact ionization becomes more and more significant. Hence,
the n-type background doping leads to impact ionization in
the portion of the absorption region closer to the top surface
where the electric field is higher, which can be extremely
detrimental to the speed owing to the effective increase in the
total multiplication width for a fraction of the carriers. If the
impact ionization in the absorption region occurs in the region
near the multiplication region, the speed degradation will not
be as serious.

To reduce this bandwidth degradation, we have introduced a
p~ doping of 5 x 1015 cm™2 in the absorption region of device
C in order to keep the electric field low. From Fig. 2 it can be
seen that, for device C, the bandwidth for 30 < M < 50 fits
the line of 120-GHz gain—-bandwidth product. There is no band-
width drop similar to that observed for device B, a reflection of
the fact that the electrical field in the absorption region of de-
vice C remains low (< 150 kV/cm) up to a gain of 50 due to the
p~ doping as shown in Fig. 3. Although the electric field profile
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Fig. 4. Measured and simulated gain as a function of reverse bias voltage for
devices A, B, and C.

of device A is the same as that of device B, there is no signif-
icant bandwidth degradation for device A since its absorption
region is 0.5 pum thinner than B. Hence, the maximum electric
field value in the absorbing region of device A is not as high as
that of device B as shown in Fig. 3. The degree of impact ioniza-
tion is proportional to the product of ionization coefficient and
available multiplication width (nonlocal theory). Device A has
both lower ionization coefficient and multiplication width.

The gain—bandwidth products of devices A and C are
120 GHz. This value is consistent with previously published
results for APDs with similar InAlAs multiplication layer
thickness [12]. Devices A and C have the same gain—band-
width product since they have the same 200-nm-thick InAlAs
multiplication region. In the low gain regime, the bandwidth
of device A is 9 GHz, while that of device C is 8 GHz. The
RC limited bandwidth was estimated by measuring the S11
parameters with a network analyzer. The measured capacitance
was ~ 150 fF and total resistance was ~ 70 €2, yielding an
estimated RC-bandwidth of 15 GHz. This frequency is too high
to account for the observed 8- and 9-GHz ceilings. The carrier
transit-time bandwidth is 13 GHz for devices B and C and
17 GHz for device A if there are no secondary carriers [13].
But for this case, the transit time for the secondary holes to tra-
verse the whole depletion region is important. (The secondary
electrons can be neglected since the absorbing layer is much
wider than the multiplication region). Taking the transit time of
secondary holes into effect, the transit time is ~ 7 ps for devices
B and C and ~ 6 ps for device A. Hence we conclude that the
observed low gain bandwidths of 8 and 9 GHz are determined
by the hole transit time [14]. In the high gain regime (M > 30),
the bandwidth is dominated by the avalanche buildup time.

According to Emmons’ model [15], in the high gain regime,
the effective transit time for devices A and C is 1.3 ps.

Using the analytical model described in [16], we simulated
the gain curves of devices A, B, and C (Fig. 4). The gain curves
were measured using the procedure described in [12]. The mea-
sured gain curve of device B is sharper than the simulated gain
curve since the simulation assumes no impact ionization in the
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Fig. 5. Simulated and experimental excess noise factor as a function of gain
for devices A, B, and C.

absorption region, which causes the gain to increase faster. The
gain value contributed by a 1.5-pum-thick InGaAs absorbing
layer with an electric field of 150 kV/cm is calculated to be
1.13 using the parameters and equations given by [10]. This cal-
culated gain result is consistent with the measured result of [11].
From [17], if a small fraction ¢ of the secondary holes traveling
back across the absorber initiate impact ionization in the absorp-
tion region, the total gain is given by

Mo

M=o - 1)

ey
where M, is the electron initiated gain of the InAlAs avalanche
region and ¢ is the feedback factor. At a bias of 42 V as shown
in Fig. 4, the measured gain M of device B is 30, while the
simulated gain M, is 15. The simulated gain of 15 is the gain
from the InAlAs multiplication region. Hence, we estimated that
the feedback factor ¢ at this point is 0.036. This shows that if
only 3.6% of the secondary holes that traverse the absorbing
layer initiate impact ionization, the gain will increase by a factor
of two. On the other hand, for devices A and C, the simulated
and measured gain curves are coincident. The estimated values
of € are 0.01 and 0.007 for devices A and C, respectively. The
small feedback factors for devices A and C explain why there is
no bandwidth degradation for these two devices.

To further study the effect of ionization in the absorption
layer, the excess noise factor F'(M) of these APDs was mea-
sured using the procedure described in [18]. A tunable laser op-
erating at 1.55 pm was used as the light source for these mea-
surements. The measured F'(M) of devices A, B, and C are
shown in Fig. 5. The effective k value was estimated to be 0.2
for both devices A and C. This value is consistent with previ-
ously published results for a SACM APD with similar thick-
ness InAlAs multiplication region [19]. The black circle is the
simulated F'(M) of device A and C using the analytical model
described in [16], assuming that impact ionization is confined to
the multiplication region. The excess noise of devices A and C
follows the simulation. On the other hand, for M > 15, the ex-
cess noise of device B deviates from the k = 0.2 curve, further
confirmation that there is impact ionization in the absorption
region. A Monte Carlo simulation [20] confirmed that signifi-
cant impact ionization occurs in the InGaAs absorption layer;
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the simulated noise curve for device B is marked by black tri-
angles in Fig. 5.

In conclusion, we have demonstrated the detrimental effect
of impact ionization in the absorption region on the speed and
noise performance of InGaAs—InAlAs SACM APDs. We find
that the doping profile in the absorption layer strongly influences
the amount of impact ionization and thus the gain—bandwidth
product and the excess noise.
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