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A GaAsSb/AlGaAsSb Avalanche Photodiode
with a very small Temperature Coefficient
of Breakdown Voltage

Ye Cao, Tarick Osman, Edmund Clarke, Pallavi Kisan Patil, Jo Shien Ng, Member, IEEE,
and Chee Hing Tan, Senior Member, IEEE

Abstract—Avalanche photodiodes (APDs) made with the
material AlGaAsSb (lattice-matched to InP) exhibit very low
excess noise characteristics. We demonstrate a Separate
Absorption and Multiplication APD (SAM-APD) incorporating a
GaAsos2Sboas  (GaAsSb)  absorption  region and an
Alo.ssGao.1sAso.s6Sboas  (AlGaAsSb) avalanche region. Our
GaAsSb/AlGaAsSb SAM-APD exhibits a cut-off wavelength of
1.70 pm at room temperature and a responsivity of 0.39 A/W at
1.55 pm wavelength (with no antireflection coating). Temperature
dependence of the breakdown voltage was obtained from
avalanche gain data from multiple devices operated at 77 to 295 K.
This produced a temperature coefficient of breakdown voltage of
4.31+0.33 mV/K, a factor of 10 and 5 smaller than values for
comparable InP and InAlAs SAM-APDs. The very small
temperature coefficient of this work is consistent with the
extremely weak temperature dependence of avalanche breakdown
previously observed in AlIGaAsSb diodes.

Index Terms—Avalanche photodiode (APD), avalanche
breakdown, AlGaAsSb, GaAsSb, impact ionization, Separate
Absorption and Multiplication Avalanche Photodiode (SAM-
APD), temperature coefficient.

I. INTRODUCTION

VALANCHE photodiodes (APDs) have been used to
detect incoming optical signals in a wide range of
applications, such as optical communication, imaging, and
single-photon detection for quantum key distribution. The main
advantage of APDs over conventional photodiodes is the
APD’s internal gain, which enhances the signal-to-noise ratio
of an APD-preamplifier module. The internal gain, termed
avalanche gain, M, is the result of successive impact ionization
events that take place within the APD’s avalanche region
(typically under high electric fields).
Since impact ionization events are stochastic, the avalanche
gain brings additional noise relative to shot noise. This is
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usually quantified by the excess noise factor, F, which tends to
increase with M. F(M) characteristic is, therefore, an important
APD performance parameter. It is strongly dependent on the
ratio of impact ionization coefficients, k = /o [1], where a and
S are the impact ionization coefficients of electrons and holes,
respectively.

Semiconductor materials with k ~ 0 exhibit very low excess
noise and examples include Si [2], InAs [3] and Hgo7Cdo3Te
[4]. Hence Si APDs are the dominant APDs for applications
operating in the 400-1000 nm wavelength range. InAs and
Hgo7Cdo3Te have narrow band gaps, leading to relatively high
dark currents at room temperature and operation at lower than
room temperature. This limits their use in room temperature
applications in the 1.3-1.6 pm wavelength range. For this
infrared wavelength range, the APDs of choice are the Separate
Absorption and Multiplication Avalanche Photodiode (SAM-
APD). It combines an Ings3Gagp47As (hereafter referred to as
InGaAs) absorption region with either an InP [5], or more
recently an Ings2Alp4sAs [5] avalanche region. However, both
InP [7] and Ings»2Alo4sAs [8] have k approaching unity under
high electric fields, so their F(M) characteristics are much
higher compared to Si.

In recent years, excellent experimental F(M) characteristics
from APDs made using Sb-containing materials have been
reported. AlAsoseSbo4s (lattice-matched to InP substrate)
exhibited extremely low excess noise with effective k£ ~ 0.005
[9] to 0.05 [10]. F(M) characteristics of Alg.gsGao.15AS80.565b0 44,
(hereafter referred to as Al1GaAsSb), still lattice-matched to InP
substrate, yielded k of 0.05-0.08 [11] and F <2 for gains up to
25 [12]. Another example are AllnAsSb APDs exhibited
effective k of 0.01-0.05 [13], [14] and 0.018 [15], depending on
the exact composition.

In addition, AlGaAsSb diodes show low temperature
coefficient of breakdown voltage, Cps = 0.86-0.91 mV/K [16]
and high temperature and temporal stability [17]. A SAM-APD
with InGaAs absorption region and AlAsSb avalanche region
with a Cpe ~ 8 mV/K was reported [18]. This was lower than
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typical values from various SAM-APDs with InP and InAlAs
avalanche regions [19].

Although  InGaAs/AlAsSb  SAM-APD  has  been
demonstrated [18], the large conduction band offset between
InGaAs and AlAsSb (estimated to be 1.6 eV for I valleys [20])
necessitates a bandgap grading scheme using multiple layers of
InAlGaAs and InAlAs within the APD. A promising alternative
material for the absorption region is GaAsos>Sboss (hereafter
referred to as GaAsSb). It is lattice-matched to InP substrates
and has a narrow bandgap for photon absorption up to 1.6 um
wavelength [21]. Crucially, the conduction band offset between
GaAsSb and AlAsSb was estimated to be ~ 1.27 eV [22]. When
combined with an AlGaAsSb avalanche region, a grading
scheme with the Al composition gradually increasing can be
used in the APD to bridge the conduction band offset from
GaAsSb to AlGaAsSb.

In this paper, we assess experimentally the suitability of
GaAsSb absorbers for SAM-APDs through demonstrating a
GaAsSb/AlGaAsSb SAM-APD. APD characterization includes
electrical characteristics and temperature dependent avalanche
gain.

II. EXPERIMENTAL DETAILS

Structure of the APD wafer used in this work is shown
schematically in Fig. 1. The wafer was grown on an n-type InP
(100) substrate by molecular beam epitaxy. Be and Si were used
as the p- and n-type dopants, respectively. The p** GaAsSb and
n** InGaAs contact layers were nominally doped at 5x10'8
cm?3. A bandgap grading scheme using Al;.,Ga,Asos56Sbo.4s (x
decreasing from 0.8 to 0.2) was included between the narrow
bandgap undoped (u.d) GaAsSb absorption region and the wide
bandgap AlGaAsSb avalanche region.

Top contact

300nm p*+ GGASo,sszOAS
200nm p* GaAsy 5,Sby 45

1000nm u.d GaAs 5,Sbg 45

70nm u.d A'1_xGaXASO_558b0'44
(x=0.8,0.5,0.2)

50nm p Al gsGa 15AS0 5650 44
200nm u.d Al gsGag 15AS0 565D0 44

200nm nt+ Ing 53Gag 47AS

Back contact Ti/Au
Fig. 1. Schematic cross section of GaAsSb/AlGaAsSb SAM-APD and top view
of the fabricated 100 pum radius device.

Using standard photolithography techniques and wet
chemical etching, the wafer was fabricated into circular mesa
diodes with optical windows. The diodes had radius of 200,
100, 50 or 25 um. A phosphoric based solution was used in the
etching to create the mesa diodes by etching down to the n*
AlGaAsSb layer. The diodes had annular top contacts and back
contacts formed by Ti/Au (20/200 nm). The mesa sidewall was
covered by SU-8 negative photoresist.

A Keithley 236 source-measure-unit provided forward or
reverse voltage biases to and measured the current-voltage (I-
V) from the device-under-test (DUT). Capacitance-voltage (C-
V) data were obtained, using an HP4275 LCR meter. The C-V
data were analyzed using a 1-D Poisson solver to estimate the
doping profile. In the analyses, we adjusted the
doping concentration and thickness of each layer so that the
C-V calculated by the Poisson solver matches the
experimental C-V characteristics. Temperature dependent
measurements were performed on the DUTs at temperatures of
295, 250, 200, 150 and 77 K using a low temperature probe
station.

For avalanche gain measurements, the DUTs were
illuminated by laser light at 1.55 pm wavelength. Phase-
sensitive detection technique was used to ensure that the
measurements were unaffected by the DUTs’ dark current. This
required modulated laser light and a lock-in amplifier to detect
the resultant photocurrent. Care was also taken to focus the laser
light within the DUTSs’ optical window. The laser power was
measured using a commercial InGaAs photodiode with a
known responsivity.

A combination of a tungsten halogen lamp and
monochromator was used to measure the photoresponse versus
wavelength characteristics. Again, the optical signal was
modulated, and a lock-in amplifier was included in the setup to
facilitate phase-sensitive detection. The photoresponse data
were calibrated using the optical system response. Due to the
larger optical spot size on DUTs in this setup, photoresponse
measurements were performed on larger devices (those with
radius of 200 um).

III. RESULTS

Example I-V characteristics obtained under dark and laser
illumination conditions are shown in Fig. 2(a) as current density
(current normalized to device area). The forward dark current
density data (0 to +2 V) suggest that the Ti/Au metal contacts
deposited on p** GaAsSb are sufficiently ohmic. The reverse
dark current density and photocurrent density (under the 1.55
pum wavelength laser illumination of a 156 nW) show a step
increase at -6.5 V, followed by a gradual increase until -48 V.
In general, there are some small disagreements in the reverse
dark current density at biases below -45 V, indicating the
presence of surface leakage currents. The dark current density
data from different-sized devices at bias above -45 V show
much better agreement, indicating the dominance of a bulk dark
current mechanism.

To further investigate the dark current characteristics, dark
current measurements were taken with DUTs’ operating
temperatures between 295 to 77 K. Temperature dependent data
for a 100 pm radius device are shown in Fig. 2(b). At biases
below -30 V, the dark current drops rapidly with temperature.
However, at biases above -40 V, the dark current rises
exponentially with the bias voltage, and shows weak
temperature dependence, suggesting the presence of band-to-
band tunnelling current. A sharp rise in the dark current was
observed at 77 K at biases above -47 V, which is attributed to
the onset of avalanche gain.
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The step in the photocurrent near -6.5 V observed in Fig. 2(a)
is attributed to an increase in the collection efficiency of
photogenerated carriers when the depletion region extends into
the GaAsSb absorption region, commonly referred to as punch-
through. This is supported by C-V characteristics, which is
shown in Fig. 3. A sudden decrease in capacitance, indicating a
large increase in the depletion width, is observed at -5 V.
Beyond -6 V, the capacitance remains almost constant,
indicating a minimal change in the depletion width. These
observations are consistent with the punch-through voltage ~
6.5 V observed from gain measurements.

10! 25
& 100 4 —— 200 um ———- Photocurrent L
E joej| [—— 100um e Gain f2 s
2\; 1024 . .%
= 1034 I ()]
@ o
O 104y S
o 10 g
= 105+ ©
5 . s
g 106 + lg <
O 107 + "
-O..Q.0.0.......
108 : : } } (@) 0
al i 1
0% 1 |— 205k
105 T —_— 250 K ]
. 200 K
gty =480k 1
: 10-7 T 4 77 K
=
qh) 108 T 4
-
= -9
(@) 10 T
1010 T E
101 § Increasing temperature |
1012 t t t + ; (b)
0 10 20 30 40 50

Reverse bias voltage (V)

Fig. 2. (a) Dark current density of 200, 100 and 50 pm radius devices (solid
lines), photocurrent density of 100 pm radius device (red dash line) and mean
gain with standard deviation of three 100 um radius devices at room
temperature (b) temperature dependent dark current characteristics of 100 pm
radius devices.

The experimental C-V characteristics were analyzed using a
1D Poisson’s electric field solver. The dielectric constants for
AlGaAsSb and GaAsSb were assumed to be 11.41 and 14.04
respectively, given by linear interpolation of values for GaAs,
GaSb, AlAs and AISb [23]. C-V fitting and the combination of
doping density and thickness used are shown in Fig. 3.

The associated electric field profiles at selected biases are
shown in Fig. 4. Our predicted electric field profiles suggest
that the electric field in the GaAsSb absorption layer exceeds
200 kV/cm at biases above -32 V. At -40 and -48 V, the field
increases to 275 and 340 kV/cm. These are relatively high
electric field values for GaAsSb, whose bandgap is close to that
of InGaAs. Hence the C-V analysis supports our deduction
from Fig. 2 that band to band tunnelling current dominates at
biases above -40 V. In future APD wafers, the electric field in
the GaAsSb absorption layer can be reduced by increasing the

doping density or the thickness of the AlGaAsSb field control
layer.

We now turned our focus to data of responsivity and
avalanche gain. Fig. 5 shows the responsivity versus
wavelength characteristics with the DUT reverse-biased at
punch-through voltage. A mean responsivity of 0.39 A/W at
1.55 um wavelength was obtained from four DUTs. Assuming
32% of air/semiconductor surface reflection loss and 1365 nm
total absorption thickness, the absorption coefficient of the
GaAsSb region was deduced as ~ 4.5 x10° cm™ at 1.55 pm
wavelength. Peak responsivity of 0.40 A/W was observed at
1.50 pm wavelength. The cut-off wavelength, defined at 10%
of the peak responsivity, is ~ 1.70 um. This confirms that
GaAsSb is a suitable absorption material to cover near-infrared
wavelengths. The responsivity value can be increased by
depositing an antireflection coating and/or increasing the
thickness of the GaAsSb absorption region.

Room temperature avalanche gain values were extracted
from phase-sensitive detected photocurrent data, using
photocurrent value at -6.5 V as the unity gain reference value.
The data are shown in Fig. 2(a), with a maximum mean gain
value of ~ 23 at -48.4 V.

] O Measured
—— Fitted
fL\ | ing |Doping densit: i
e Material | DoPing |DoPing e ity| Thickness
~ type (cm™) (nm)
g 7 GaAssb | o5t | 20x10' | 200
S @y | GsSb | ud | 1.4x10' | 865
G 87 A1.GaAsS ud | 65x10"° | 83
& 6! AGaast | p | gio10™ | 62
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41 AGaAssb | n* | 5.0x10"® | 300
2 H 4 ' , :
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Reverse bias voltage (V)

Fig. 3 Measured mean capacitance of three 100 um radius devices and fitting
versus reverse bias voltage. The fitting used assumed a built-in voltage of -1.2
V and parameter values in the inset table.
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Fig. 4 Electric field profiles at -12, -32, -40 and -48 V, based on the C-V fitting.
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Temperature dependence data of avalanche gain are shown
in Fig. 6. As temperature decreases the dark current decreases,
allowing the APDs to achieve higher gain. For a given reverse
bias, the avalanche gain increases as temperature decreases,
breakdown voltage was extracted from avalanche gain data, by
linearly extrapolating 1/M to the reverse bias axis. The
breakdown voltage decreases from 48.95 V at 295 K to 48.06
V at 77 K, producing Cys= (4.31£0.33) mV/K, as shown in the
inset of Fig. 6.

04+

03 +

02+

Responsivity (A/W)

0.0 t - t t . + +
1.0 14 1.2 1.3 14 15 16 1T 1.8

Wavelength (um)

Fig. 5 Responsivity versus wavelength of 200 pm radius device biased at
punch-through voltage under room temperature condition.
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Fig. 6 Temperature dependent of mean avalanche gain with a standard
deviation of three 100 um radius devices under 295 K (black), 250 K (red), 200
K (green), 150 K (blue) and 77 K (pink). Inset shows the linear fitting for the
temperature coefficient of breakdown voltage, Cpq = (4.31£0.33) mV/K.

To the best of our knowledge, the Cps value of this work is
the lowest among SAM-APDs grown on InP substrates, as
summarised in Fig. 7. The C,s can be further reduced by
reducing the avalanche region width, however, the width cannot
be reduced indefinitely. In InP and InAlAs APDs, the onset of
the band-to-band tunnelling current from narrow avalanche
regions place a lower limit on the avalanche region width.
Compared to SAM-APDs with similar avalanche region widths
(200 nm), our GaAsSb/AlGaAsSb SAM-APD produces a Cpg
value that is ~ 10 times and 5 times lower than that of
InGaAs/InP and InGaAs/InAlAs SAM-APDs respectively. Our

Cpa value is also lower than that for the AllnAsSb grown on
GaSb [28]. Therefore, GaAsSb absorption region can be
combined with the AlGaAsSb avalanche region to produce
SAM-APD with low temperature coefficient of breakdown

voltage.
70
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60 1 B InAlAs
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. %07 e © AllnAsSb
X L Y This work
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E
B 30 1T
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© 201 "m
0
10 1
L
*
0 i i + i i
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Fig. 7 Comparison temperature coefficient of breakdown voltage of this work
with reported data for other SAM-APDs utilizing InP [19], [24] , InAlAs [19],
[25]-[27], AlAsSb [18], and AllnAsSb [28] avalanche region.

IV. CONCLUSION

We demonstrated a new SAM-APD structure consisting of a
GaAsSb absorption and an AlGaAsSb avalanche region. The
reverse dark current characteristics show presence of surface
leakage current at low bias and tunnelling current at higher
biases. The former suggests improved surface etching and
passivation is needed whereas the latter indicates that the
doping profile needs to be improved to reduce the tunnelling
current.

The APD exhibited a responsivity of 0.39 A/W at 1.55 um, a
peak responsivity of 0.40 A/W at 1.50 um and a cut-off
wavelength of 1.70 pum. This shows that GaAsSb and
AlGaAsSb can be an effective combination for infrared SAM-
APD.

Temperature dependent avalanche gain data yield a very
small temperature coefficient of breakdown voltage at
4.31+0.33 mV/K, which is the smallest among reported SAM-
APDs grown on InP substrates. Avalanche gain >20 was
obtained in all devices at each temperature.
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