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AlGaAsSb attracts significant interest for near-infrared avalanche pho-

todiodes (APD). The authors report a two-order reduction in the dark

current and a six-time enhancement of gain in random alloy (RA) Al-

GaAsSb APD that is surface passivated by conformal coating of Al2O3

via atomic layer deposition (ALD). The dark currents of the APDs with

400-µm diameter (dry etched) at 90% breakdown voltage (0.9 Vbr) are

(5.5 ± 0.5) × 10−5 A, (2.1 ± 0.4) × 10−5 A, and (6.2 ± 0.8) × 10−7

A for non-passivated, Si3N4 passivated, and Al2O3 passivated devices,

respectively. The dark current at a gain of 10 for the Al2O3 passivated

device is 1 × 10−8 A which is comparable to the reported value for

100-µm diameter mesa diodes passivated by SU-8. Maximum gain val-

ues of 6, 12, and 35 were obtained for non-passivated, Si3N4 passivated,

and Al2O3 passivated devices, respectively. Moreover, punch-through

capacitance of 8 pF in a spectral response of 450 to 850 nm was ob-

tained. Thus, Al2O3 passivation can be the best solution for antimonide

optoelectronic devices.

Introduction: Avalanche photodiodes (APD) play an important role in

many important fields such as quantum optics, optical communication,

light detection and ranging (LIDAR), surveillance, and molecule sens-

ing [1–3]. The internal gain in APD improves the signal-to-noise ratio of

a detector system and plays an important role in reducing the impact of

the readout electronic noise. Silicon is an excellent material for APD for

wavelengths below 1.0 µm. But for wavelengths above 1.0 µm, current

commercial short wave infrared (SWIR) APD comprises SACM struc-

ture with separate (S), absorption (A), charge (C), and multiplication

(M) regions. The performance of SACM APD is tailored by manipulat-

ing the absorber’s and multiplier’s properties. Commercial SACM APD

are designed with a high gain due to the required of high electric field

in the multiplication region (wide bandgap InAlAs or InP) and the low

tunnelling dark current with low electric field in the absorber region (nar-

row bandgap material such as InGaAs). For the high-performance APDs

ranging from 1.55 to 2.00 µm, the linear and Giger mode SACM APD

with wide gap AlAsSb or AlGaAsSb in the multiplication region appear

promising alternatives to InAlAs and InP. Recently, it is shown that Al-

GaAsSb as a multiplication region is gaining increasing attention due

to its low excess noise and low k (the ratio of electron and hole impact

ionization coefficients) of 0.01 compared to Si APDs (kSi∼0.01) [4, 5].

AlGaAsSb APDs operating in the range of 1.55 to 2.00 µm with InGaAs

absorber demonstrates a high gain-bandwidth product [6, 7] and a small

temperature coefficient of breakdown voltage for APDs with GaAsSb

absorption layer [8, 9]. Also, APDs with thick digital alloy (DA) Al-

GaAsSb [4, 10] and random alloy (RA) AlGaAsSb [11, 12] were re-

ported, where RA AlGaAsSb were superior in comparison to DA Al-

GaAsSb as they are easy to grow and manufacturable.

However, the passivation of this AlGaAsSb is not fully explored. The

mesa sidewalls are usually with a SU-8 polymer [11]. There are no re-

ports on the surface passivation of antimonide APD with Al2O3. This

Fig. 1 Schematic configuration of the AlGaAsSb APD device. (a) Cross sec-

tion of mesa type APD device. (b) Microscope image of the APD device. APD,

avalanche photodiodes.

Fig. 2 SEM images of sidewalls of mesa with a passivation layer of (a) Si3N4

and (b) Al2O3. SEM, scanning electron microscope.

letter reports, for the first time, the surface passivation using Al2O3 for

AlGaAsSb RA APD with 75% Al, in terms of dark current, photo re-

sponse, and gain characteristics compared with devices that were non-

passivated, Si3N4 and Al2O3 passivated. Significant reduction in dark

current characteristic and improvement in gain value were presented.

This work simplifies the passivation process with minimized degradation

to the device materials for photodetectors containing RA AlGaAsSb.

Device configuration and fabrication: The APD was grown by molec-

ular beam epitaxy (MBE) on the InP substrate. It comprises a top-

most 20-nm p-type In0.53Ga0.47As layer (∼1 × 1019 cm−3), 300-nm p-

type AlGaAsSb (∼2 × 1018 cm−3) layer, 1500-nm undoped AlGaAsSb,

followed by a 200-nm n-type AlGaAsSb (∼2 × 1018 cm−3) and a

400-nm n-type In0.53Ga0.47As (1 × 1019 cm−3) buffer layer. All layers

were grown at a temperature of ∼ 450°C. The grown wafer was dry-

etched into a 400-µm diameter mesa using Inductively Coupled Plasma

(ICP), followed by deposition of Si3N4 by plasma-enhanced chemi-

cal vapour deposition (PECVD) or Al2O3 by atomic-layer deposition

(ALD). Mesa devices without passivation were also fabricated as ref-

erence. The schematic configuration and the microscope image of the

devices are shown in Figures 1a and 1b.

Figures 2a and 2b show the scanning electron microscope (SEM) im-

age of the vertical sidewall of the mesa coated with Si3N4 and Al2O3.

The images confirm the smooth vertical sidewalls and a conformal coat-

ing of the sidewalls with Si3N4 and Al2O3. The ALD-deposited Al2O3

is thinner than the PECVD-deposited Si3N4.

Figure 3 shows the measured capacitance–voltage (C–V) character-

istic and the depletion width of the APD devices with a diameter of

400 µm. The capacitance value drops sharply from 0 to −5 V, and then

saturates at −30 V. Meanwhile, the depletion width saturates at 1500

nm. This represents that the AlGaAsSb APD is completely depleted at

−30 V. This relatively high initial capacitance can be attributed to the

large mesa area. Thus, we used −30 V as the point of unity gain to

calculate the gain value.

Figure 4 shows the spectral response at zero bias of non-passivated,

Si3N4, and Al2O3 passivated APD. The cutoff wavelength of AlGaAsSb

APD devices under three passivation conditions is around 850 nm which

is consistent with the bandgap energy of the alloy. Moreover, the APDs

show a peak photo response at 670 to 680 nm. The slight variation of the

peak wavelength is attributed to the instability of the light source in the

measurement.

Figures 5a and 5b compare current–voltage (IV) measured under dark

conditions for 400-µm non-passivated, Si3N4, and Al2O3 passivated
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Fig. 3 Measured C–V characteristic of APD devices at room temperature

(300 K). APD, avalanche photodiodes.

Fig. 4 Spectral response of non-passivated and passivated AlGaAsSb APD

at room temperature (300 K). APD, avalanche photodiodes.

Fig. 5 Dark current for the passivated and non-passivated AlGaAsSb APD

at room temperature (RT). (a) Non-passivated devices and Si3N4 passivated

devices. (b) Non-passivated devices and Al2O3 passivated devices. APD,

avalanche photodiodes.

AlGaAsSb APD devices. Three devices have been measured for each

type of passivation. The breakdown voltage (Vbr) of non-passivated,

Si3N4, and Al2O3 passivated devices are −40, −56.5, and −61 V,

respectively, with dark current of (5.5 ± 0.5) × 10−5, (2.1 ± 0.4) ×

10−5, and (6.2 ± 0.8) × 10−7 A at 90% breakdown voltage (0.9 Vbr)

for the non-passivated, Si3N4 passivated, and Al2O3 passivated devices,

respectively. The dark current density level of Al2O3 passivated device

at 90% breakdown voltage is comparable to that of the SU-8 passivated

AlGaAsSb APD device with a diameter of D = 80 µm [4]. It is worth

noting that the dark current in our devices can be further suppressed

by reducing the mesa size; hence, Al2O3 passivation offers a promising

technique route to produce high-performance antimonide photodetec-

tors. The reduction in dark current and the increased breakdown voltages

for the passivated devices can be associated with an improved compen-

sation of the residual dangling bonds and damages along mesa sidewalls

processed by ICP etching. It should be noted that the presence of these

defects causes surface leakage which results in an early breakdown,

though the breakdown point associated with avalanche multiplication

process in the active region remains the same for any surface passi-

Fig. 6 Photocurrent, dark current, and gain characteristic versus reverse

bias: (a) non-passivated, (b) Si3N4, and (c) Al2O3 passivated APD at room

temperature (300 K). APD, avalanche photodiodes.

vation. The surface passivation suppresses surface leakage dominated

breakdown, and as a consequence, it improves the breakdown voltage.

At 90% breakdown voltage, dark current is reduced by two orders of

magnitude for Al2O3 passivation. The ALD-deposited Al2O3 is denser

than the PECVD-deposited Si3N4. As a result, a relatively small fixed

charge density reduces the chance of the band bending in the mesa side-

wall. Moreover, intrinsic charges in Si3N4 provide a charge conduction

channel of the sidewall, which could have deteriorated the dark current

in Si3N4 compared to Al2O3 passivated APD [13].

Figures 6a to 6c show the photocurrent, dark current, and gain value

versus reverse bias voltage for non-passivated and passivated APD.

Based on Equation (1), the maximum gain values of 6, 12, and 35 are

obtained for the non-passivated, Si3N4, and Al2O3 passivated APD, re-

spectively. It has already been shown in Figure 5 that Al2O3 passivated

APD devices present the best suppression effect of surface leakage cur-

rent and hence surface breakdown. Thus, according to Equation (1), a

gradual increase of photo and dark current for Al2O3 passivated devices

was obtained before breakdown point compared to a sharp increase of

photo current for the non-passivated and Si3N4 passivated devices (i.e.

2 ELECTRONICS LETTERS September 2023 Vol. 59 No. 18 wileyonlinelibrary.com/iet-el



the orders of magnitude difference of photo current between the point

at unity gain and the point near breakdown for Al2O3 passivated APD

devices are larger than the non-passivated and Si3N4 passivated cases),

which correspondingly leads to the largest maximum gain value near

breakdown for Al2O3 passivated APD devices.. We would like to high-

light that the gain under the bias below the breakdown varies between the

devices that were passivated differently, for example, ∼ 5.5, 3, and 2.5

for non-passivated, Si3N4 passivated, and Al2O3 passivated devices at a

bias of −40 V. This can be associated with the different dependence of

dark current and photo current on bias in terms of different passivation

methods.

Gain =
Iph − Id

Iph0 − Id0

(1)

where Iph and Idstand for the photo and dark current at a certain voltage

near breakdown point, while Iph0 and Id0 stand for the photo and dark

current at the voltage slightly after the unity gain point.

Conclusion: In this work, optimal passivation conditions are obtained

for AlGaAsSb APD. The dark current, photocurrent, photo response, and

gain values of the non-passivated, Si3N4, and Al2O3 passivated APDs

are compared. The APD devices under three passivation conditions re-

veal peak response wavelength of 670 to 680 nm. For the dark current

characteristic, the Al2O3 passivated device represents a low dark cur-

rent of (6.2 ± 0.8) × 10−7 at 90% breakdown voltage while the dark

currents are (5.5 ± 0.5) × 10−5 A and (2.1 ± 0.4) × 10−5 A for the

non-passivated and Si3N4 passivated devices, respectively. Photocurrent

was also measured and maximum gain values of 6, 12, and 35 were ob-

tained for non-passivated devices, Si3N4 passivated devices, and Al2O3

passivated devices, respectively. This passivation investigation indicates

that Al2O3 passivation of antimonide optoelectronic devices can help

enhance their performance.
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