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Planar InAs avalanche photodiodes with high
gain and low noise factor
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School of Electrical and Electronic Engineering, University of Sheffield, South Yorkshire, UK
“c.h.tan@sheffield.ac.uk

Abstract: In photon-starved extended short- and mid-wave infrared optical applications, re-
placing Mercury Cadmium Telluride (HgCdTe) avalanche photodiodes (APDs) with Indium
Arsenide (InAs) APDs offers significant environmental and cost benefits. To demonstrate
InAs APDs as a viable alternative, we fabricated planar devices using ion implantation and
rigorously characterised multiple devices under high-gain operating conditions. These planar
APDs exhibited a very low excess noise factor (F' ~ 1.4) for gains up to 250 at 77 K, comparable
to HgCdTe devices. We believe this to be the first experimental report of such low excess noise in
planar InAs APDs, marking a significant step towards establishing them as a realistic alternative.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

There is a wide range of optical applications operating in extended shortwave- and mid-wave-
infrared (eSWIR and MWIR) bands. Examples include atmospheric gas sensing [1], radiation
thermometry [2], and LiDAR [3]. In optical receivers of such systems, semiconductor photodiodes
or avalanche photodiodes (APDs) not only perform an essential function (converting optical
signals into an electrical signal), but often also determine the optical receivers’ signal-to-noise
ratio (SNR). Given that these optical applications are usually photon-starved, a high-performance
APD with (i) high quantum efficiency, QE, (ii) high avalanche multiplication, M, at minimal
excess noise factors, F, and (iii) low dark current is often used (instead of a photodiode) in the
receiver to improve its SNR.

Hg,_«CdsTe APDs are established options for photon-starved optical applications in the
eSWIR and MWIR bands, because those with Cd compositions < 0.6 have high M with a minimal
F, owing to the multiplication process solely dominated by electrons [4]. For example, when
operated at 80 K, Hgy7Cdy3Te APDs with a cutoff-wavelength A., = 4.4 um (QE > 80% up to
4.0 um) produced M up to ~1100 with F <2 [5]. An HgCdTe APD with a Ac =4.3 um has been
reported with a Noise Equivalent Power (NEP) of 0.5 fW.Hz~ [6]. However, increasing the
Cd composition leads to lower avalanche gain at a given APD bias voltage, e.g. M ~100 for
Ae = 3.9 um materials cf. M ~ 8 for A, =2.5 um materials at a bias of 8 V [7]. One significant
drawback is that most Hg|_xCdxTe APDs (with x < 0.6) require cryogenic operating temperature
(e.g. 80 [5] and 120K [6]) to suppress the APDs’ dark currents associated with the small bandgap
of Hg;_xCdsTe. Furthermore, a global environmental agreement (in force since 2017) aims
to reduce the use of mercury [8], directly affecting Hg;_xCdyTe APDs. Hence, mercury-free
alternatives for eSSWIR and MWIR APDs are needed.

As part of the efforts to find such alternatives as well as the general pursuit for avalanche
materials with low excess noise performance, compound III-V Separate-Absorption-Multiplication
APDs (SAM APDs) have been developed. They utilized two Sb-based alloys, AlyIn;_xAsSb
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and Al;Ga;_xAsSb, which exhibit low excess noise characteristics and are promising avalanche
materials. Grown lattice matched to a GaSb substrate, an Alg3Ing7AsSb absorption layer
(Ac =2.1 pum) was combined with an Alg7Ing 3 AsSb avalanche layer to achieve F ~ 2 at M = 10
[9]. Reducing the Al composition in AlyIn;_xAsSb can extend A, but the excess noise
characteristics worsen, such as the AlyosInAsSb APD with A, ~ 3.5 ym where F ~2 at M =5
[10]. Alyg5Gag.15As0.565b0.44, lattice matched to InP substrates, also exhibits very low excess
noise with F <2 for M <25 [11]. A SAM APD combining Alg g5Gag.15AS0.565b0.44 avalanche
region with InGaAs-GaAsSb Type II superlattice absorber achieved 1. ~ 2.4 um and F < 2 for
M <20 [12]. Another SAM APD consisted of an Alg9Gag 1 Asg0sSbo.go avalanche region and
an InGaAsSb absorber (grown on GaSb substrates), which achieved a 4. ~ 2.75 um at room
temperature and F =4.5 at M =20 [13]. Overall, although these Sb-based SAM APDs achieved
low F for M < 50, they fail to match the excess noise performance and high QE at wavelengths
above 3 um offered by Hg;_xCdsTe APDs.

InAs APDs are suitable for the eSSWIR and MWIR bands. InAs exhibits an external QE of 48%
(without anti-reflection coating) at the peak wavelength of 3.35 um [2]. Experimental reports
have established that InAs exhibits electron-only multiplication [14,15], with F' <2, which is
independent of M and temperature [16]. To date, InAs is therefore the only compound III-V
semiconductor with excess noise and QE performance approaching those of Hg;_xCdxTe. What
makes InAs an interesting alternative to HgCdTe for MWIR is that, unlike HgCdTe, it can be
grown on a cheaper native substrate, and the active avalanche region is a simple binary InAs
with no issue related to alloy composition uniformity. Commercial interest in InAs APD has also
increased as its epitaxial growth is now available in the foundry to support applications such as
gas sensing [17].

The maximum M of previously reported InAs APDs is limited by either band-to-band tunnelling
and/or surface leakage currents. In earlier InAs APDs (mesa devices with 2 - 3.5 um unintentional
doped InAs avalanche regions and background doping density ~ 1 x 10'3 cm™), tunnelling
currents limited the maximum M to < 10 at room temperature [13,14]. This value was later
improved to 80, owing to a thicker avalanche region (~ 6 um) with a lower background doping
density (7 x 10'*cm™3) [18]. Reducing the background doping further yielded higher M [19]
and was successfully demonstrated in InAs mesa APDs. To suppress surface leakage currents,
planar InAs APDs were subsequently developed, involving optimization of ion implantation and
thermal annealing conditions for epitaxially grown InAs wafers [20,21]. These resulted in a
128-pixel linear array of planar InAs APD exhibiting good pixel-to-pixel uniformity of avalanche
gain and responsivity at room temperature and 200 K [22]. Planar InAs APDs have achieved
M as high as 330 (at 200 K), achieved with a background doping ~2 x 14 cm™3 [23]. However,
there is a lack of F (M) data from planar InAs APDs [20,21,22,24], with all existing InAs F(M)
data from mesa InAs APDs [13,14,15,17,18]. Even in mesa InAs APDs, there is no F'(M) data
beyond M > 30. These gaps hinder progress in technological maturity and adoption of InAs
APDs, which are promising alternative to HgCdTe APDs in photon-starved eSWIR and MWIR
optical applications.

In this work, we report the first experimental F(M) characteristics from planar InAs APDs,
with F < 2 at M upto 250 and exhibiting a Noise Equivalent Power (NEP) of 22 fW-Hz %> They
detected 1550 nm wavelength optical signal as weak as 16 photons per 50 us pulse, demonstrating
low photon detection capability.

2. Experimental details

InAs epilayers were grown by molecular beam epitaxy (MBE) on 2 (100) vertical temperature
gradient freeze (VGF) substrates at 480 °C. The structure consisted of a 100 nm n* InAs layer
(Si-doped 1 x 10'8 cm™3), followed by a 500 nm InAs n-layer (Si-doped 5x 107 cm™) and a
9.4 um intrinsic InAs layer. Device fabrication processes yielded planar devices with sizes of
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80 x 80, 200 x 200, and 400 X 400 um?, as illustrated in Fig. 1. The p* - InAs regions were
formed by selective area Beryllium (Be) ion implantation with an implant energy of 45 keV and a
dose of 2.3 x 10'*cm™2. The conditions were chosen to yield a Be implant profile with a depth
of 300 - 400 nm, as shown in Fig. 1(a). The profile was simulated using the Transport of Ions in
Matter software [25]. The ion implantation was followed by rapid-thermal-annealing at 550 °C
for 30 seconds. Top and back (substrate side) Ti/Au contacts were deposited by sputtering. SU-8
passivation covered the active area partially and Ti/Au bondpads to the devices were deposited

on Si3N4.
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Fig. 1. (a) Simulated Be implant profile (solid line) into the intrinsic InAs layer, with a
dashed line indicating the i-n junction at 9.4 um. (b) Schematic of a planar InAs p-i-n APD.

Electrical and optical characterization were performed on 200 X 200 and 400 x 400 um”> APDs,
using three APDs from each size (labelled A, B, and C). The devices were placed inside a liquid-
nitrogen-cooled probe station equipped with a heater stage to control the device temperature, as
shown in Fig. 2(a). Dark and photocurrent measurements (at 1550 nm wavelength) for device-
under-test (DUT) were performed using a source-measure unit, which simultaneously provided
reverse bias to the DUT and measured current flowing through the DUT. Capacitance-Voltage,
C-V, measurements over a reverse bias range from 0 to -17 V were performed with the DUT at
77K (to limit the influence of dark current on the measurement) using an LCR meter (not shown
in Fig. 2(a)). The doping profile of the InAs APDs was extracted assuming single-sided depletion
and a relative dielectric constant of 15.15 for InAs [26]. Characteristics of avalanche gain versus
reverse bias, M(V), was obtained by measuring the DUT’s current with the DUT being illuminated
by a continuous-wave 1550 nm wavelength laser. From the experimental photocurrent data, we
obtained M(V) = W, where I, is the total current under light illumination, /; is the
dark current, and ,,,; is the primary photocurrent when M = 1. The extracted photocurrent values,
Lp(V) = Ligtar (V) = 15 (V), remain constant with reverse bias between 0 and 0.6 V, as shown in
Fig. 2(b). Hence, the mean value of 1, in that bias range was used for /,,;. Also, between 0 and
-10'V, experimental values of I;,,,; were around an order of magnitude higher than those of 1, at
200K and ~3 orders at 77 K.

F(M) measurements at 1550 nm wavelength were carried out using a similar approach to
[27,28], under the illumination of the continuous-wave laser in Fig. 2(a) on the largest devices
(400 um x 400 pm) to ensure light was confined to the DUT’s active area. Different optical power
levels (12, 2.5, and 0.56 uW) were used to check that the F (M) data were independent of optical
power. In the setup, the DUT’s current was amplified by a low-noise current pre-amplifier. The
amplified signal was fed to a Fast-Fourier-Transform spectrum analyzer to measure its power
spectral density (PSD). Measurement frequency range was set as 12 - 18 kHz, avoiding 1/f
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Fig. 2. (a) Experimental setup. (b) Experimental photocurrent versus reverse bias
characteristics at 77 and 200 K from three 200 x 200 pm2 APDs.

noise while remaining within the frequency range of the pre-amplifier. Measurements of PSD
were repeated with DUT in the dark or under laser illumination, yielding PSDgax and PSDyotal,
respectively. The excess noise factor is given by F = W, where ¢ is the elementary
charge of an electron, and B is the measurement bandwidth1(6 kHz). 2ql,,MB is the total ideal
shot noise associated with the DUT’s current when under illumination. Values of NEP were
given by NEP = A% and utilized the smaller 80 pm X 80 um APDs to minimize the
dark current.

3. Results and discussion

Doping profiles extracted from the 77 K C-V data of a total of six APDs are in agreement, as
shown in Fig. 3. As reverse bias increases, the depletion width increases, eventually reaching
9um. This is close to the intended depletion width, considering the Be implant depth of ~
400 nm in a 9.4 um (as grown) undoped InAs layer. The level of unintentional doping density is
very low at ~ 1.4 x 10'*cm™. The combination of low unintentional doping density and the
relatively thick as-grown i-InAs layer has led to an improvement (increase) in depletion width
compared to previous InAs APDs (depletion width of 6 - 8 um [17,22,23]). This is desirable for
increasing the maximum M of InAs APDs.
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Fig. 3. Doping profiles obtained from six InAs APDs, using C-V data measured at 77 K.

Dark current data from three 200 x 200 um? APDs at 200 and 77 K are shown in Fig. 4(a).
The associated photocurrent data are shown earlier in Fig. 2(b). For a given temperature, dark
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current and photocurrent data from different APDs agree. As the temperature decreases from
200 to 77 K, the dark current decreases by three orders of magnitude, with the photocurrents
higher than the dark currents over the voltage range used. Avalanche gain data from these APDs
for a given temperature (200 and 77 K) are also in agreement, as shown in Fig. 4(b). At 200K, M
~ 300 was obtained at - 23 V, while M > 200 at 77 K was obtained at — 30 V. These high gains
were possible because there is a large depletion width in our APDs and M =exp(aw) in InAs.
However, the gain increases more gradually at high bias. This is due to an initial rapid increase
in w that produces a rapid increase in aw. Once the avalanche region is fully depleted, the gain
increases more slowly as a has a relatively weak dependence on electric field in InAs [15]. For a
given reverse bias, values of M at 77 K are lower than those at 200 K, which is consistent with
previous reports (e.g. [15], [18]) and is attributed to @ decreasing with decreasing temperature in
InAs [18].
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Fig. 4. (a) Dark current and gain-normalized dark current, and (b) avalanche gain versus
reverse bias from three 200 x 200 yum? APDs

Characteristics of gain-normalized dark currents, 1;/M, versus reverse bias at 200 K are also
shown in Fig. 4(a). I;/M is constant at 200 K, indicating that the dark current and the 1550 nm
wavelength photocurrent (resulting from electrons generated by photon absorption in the p * -InAs
region) experience similar avalanche gain. This in turn indicates two desirable attributes: (i) the
dark current at 200 K is dominated by diffusion current, and (ii) tunnelling currents are negligible
compared to the diffusion current in these InAs APDs. The dominance of diffusion current
at temperatures > 200 K is consistent with characteristics of previous planar InAs APDs [23].
The negligible tunnelling current can be attributed to relatively low electric fields, facilitated
by the low unintentional doping density and the wide depletion region in these APDs. At 77K,
values of I;/M vary slightly with reverse bias, with a minima at ~ - 12'V. Between 0 and 1V,
values of 1;/M are slightly higher than the experimental value of ;. The discrepancy suggests
the presence of surface-related dark current that does not experience M. For biases above -12'V,
values of I;/M increase with reverse bias gradually, which may be attributed to the increasing
prominence of dark current mechanisms such as band-to-band or trap-assisted tunnelling current.
A more detailed investigation of the dark current characteristics at 77 K would require further
temperature dependence measurements, which are outside the scope of this work.

Experimental noise power spectral densities versus frequency with the APDs (400 x 400 um?)
at different applied biases in the dark and when illuminated with the 1550 nm laser at 77 K are
shown in Fig. 5(a) and (b), respectively. The reverse bias of the APD were varied from 0 to 32.5'V,
and the optical power used was 12 pW. For a given reverse bias, PSDgy, readings are constant
with frequency, indicating that the readings are dominated by the amplifier’s noise. As reverse
bias increases, the PSDg,« data exhibit a step increase from -20 to - 22V, due to a reduction in
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the amplifier’s noise (associated with reduced amplifier’s gain from 100 to 50kV/A). For a given
reverse bias, values of PSDgak is lower than values of PSDyq,, the noise power spectral densities
due to photocurrent, shown in Fig. 5(c), can be extracted using the subtraction method.
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Fig. 5. Power Spectral Density the from a 400 x 400 pmz APD when (a) in the dark, and
(b) illuminated with 1550 nm wavelength laser. (c) Extracted power spectral density from
photocurrent at 77 K.

Data from Fig. 5(c) are replotted as characteristics of the photocurrent PSD versus photocurrent
in Fig. 6(a). These are in agreement with data from two other DUTs (obtained using optical
powers of 0.56 and 2.5 uW), also shown in Fig. 6(a), confirming the validity of our experimental
results. For a given photocurrent, the experimental PSD value is significantly higher than 2¢/
(shot noise without avalanche gain) and marginally higher than 2¢IM (shot noise multiplied by
experimental values of M). F(M) characteristics extracted from these PSD data are compared in
Fig. 6(b). The planar InAs APDs exhibit F' ~ 1.4 for M up to 250 at 77 K, consistent with mesa
InAs APD reports (which are more limited in the range of M) and established impact ionization
theory for InAs (F = 1.5 - 1.6) [14,15]. Since the F(M) characteristics in mesa InAs APDs exhibit
a relatively weak temperature dependence [15], the F(M) characteristics of InAs planar APDs
are not expected to change significantly with temperature.
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Fig. 6. (a) Photocurrent PSD vs photocurrent and (b) Excess noise factor vs avalanche gain
characteristics of the InAs APDs (400 x 400 um?) at 77 K measured using optical power of
0.56, 2.5 and 12 uW.

Figure 7 compares the F'(M) characteristics of this work with those published for an Hgy ¢Cdg 4 Te
APD [29], an InGaAs/Algg5Gag.15A50.565b0.44 APD (on InP substrate) [30], and a Type II
Superlattice (InGaAs-GaAsSb)/AlygsGag.15A50.565bp4a APD (on InP substrate) [11]. The
InAs planar APD and the Hgp ¢Cdg4Te APDs have similar cutoff wavelength, and their F(M)
characteristics are similar (the best in this comparison). The InGaAs/Aly g5Gag.15AS0.565b0.44
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APD is among the lowest excess noise APDs for 1550 nm wavelength operation (with a shorter
cutoff wavelength than InAs and Hgy ¢Cdg 4Te). Its excess noise factors are significantly higher
than those of InAs, because Aly g5Gag.15AS0.565b0.44 does not exhibit electron-only multiplication.
Experimental report of F (M) characteristics for eSWIR APD with a Type II absorber is limited
to M < 30 and indicates worse performance than the other APDs in Fig. 7.

3.5
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Fig. 7. Excess noise factor vs avalanche gain comparison between this work and select
SWIR Hg0.6Cd0,4Te [28], and AIO.SSGaO.ISASO.SGSbO,44 [1 1,29], and this work.

The characteristics for the NEP versus M of the InAs planar APDs at 77 K are shown in
Fig. 8(a). They exhibit a minimum (best) value of 22 fW-Hz %3 at M = 100 (reverse bias of
-27V), after which NEP increases due to the onset of tunnelling current, as indicated by the
gain-normalized dark current in Fig. 4(a). The best NEP value from this work is half of the
45 fW-Hz %3 from Ref. [23]. There is potential to improve the NEP value from 22 to 13
fW-Hz %3 by optimizing the APD anti-reflection coating (not performed in work). The unity
gain responsivity of the APDs of this work at 1550 nm is 0.6 A/W, corresponding to an external
quantum efficiency of 48%. Increasing the APD’s external quantum efficiency to 80% (routinely
achieved in InGaAs photodiodes with anti-relection coatings) would reduce the NEP value to
13 fW-Hz 3, making InAs APDs an attractive option for low photon sensing at wavelengths
beyond the operating range of InGaAs photodiodes, such as MWIR gas sensing. While the
NEP of the InAs APDs is presently higher than that of the HgCdTe [R.1], InAs APDs have a
far simpler epitaxial growth process compared to HgCdTe, and the NEP can be further reduced
with a reduction in the dark current of the APDs, either by improving crystal growth, reducing
the physical diameter or improving the quality of the devices. For example, a commercial InAs
photodiode [31] exhibit a room temperature dark current density of 46 mA.cm™> compared to 1
A.cm™? in our current devices suggesting further improvement can be achieved.

To demonstrate the low photon detection capability, we used a pulse laser and attenuated the
power with a calibrated variable optical fiber attenuator. The laser was pulsed at ~10 kHz, with a
50:50 duty cycle. The number of photons illuminating the sample surface was determined by
measuring the optical power of the laser on the sample stage and attenuating it to 16 photons
using a calibrated fiber-coupled variable optical attenuator. Figure 8(b) shows that a clearly
detectable peak was obtained when the APD was biased at -27 V and illuminated with an average
photon number of 16 photons per laser pulse (50 ps). This is 4 times lower than the 70 photons
per pulse detection achieved in the previous work [23].
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Fig. 8. (a) Noise equivalent power of an 80 x 80 um? pixel measured at 77 K. (b) Power
spectral density at 27 V in the dark and with 16 photons per pulse, measured at 77 K.

4. Conclusion

Planar InAs APDs of varying active areas have been fabricated using Be ion implantation. The
planar APDs repeatedly achieved avalanche gains > 300 at 200 K (200 at 77 K). Experimental
F(M) data (the first report from InAs planar APDs) show F' ~ 1.4 for M values up to 250 at
77K, in line with existing reports from mesa InAs APDs (which are more limited in the range of
M) as well as established impact ionization theory for this material (F = 1.5 - 1.6). Their F(M)
data are also comparable to those of HggsCdy4Te APDs, the current detectors of choice for
photo-starved eSTWR and MWIR optical applications but are incompatible with global efforts to
reduce mercury usage.

Our experimental minimum (best) value for NEP of these InAs APDs is 22 fW -Hz %5, when
operated at avalanche gain of 100 and cooled to 77 K. Onset of tunnelling current is currently
limiting further increase in the operating gain (and hence reduction in NEP). Nevertheless, our
APDs could detect 1550 nm wavelength optical signals as weak as 16 photons/pulse. Our results
represent a significant increase in the technological maturity of InAs APDs, making them a
realistic alternative to HgCdTe APDs in eSWIR and MWIR optical applications.
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