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Abstract. The paper presents a study of effect the mesa structure surface passivation on 

performance of InAlAs/InGaAs/InP avalanche photodiodes.  The mesa passivation was made 
by using treatment in an aqueous solution of ammonium sulfide and subsequent protection by 
a layer of polyamide (sulfide-polyamide passivation). As a result, avalanche photodiodes with 
a photosensitive area of 32 microns reproducibly demonstrate dark current below 10–20 nA at 
the level of 0.9 of the breakdown voltage. A homogeneous distribution of the breakdown volt-
age value over the sample area at -85V, as well as long-term stability of avalanche photodiode 
characteristics were observed. 
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Аннотация. В статье представлено исследование влияния сульфидно-полиамидной 
пассивации поверхности меза-структуры на характеристики лавинных фотодиодов 
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InAlAs/InGaAs/InP. Лавинные фотодиоды с диаметром активной области 32 мкм 
воспроизводимо демонстрировали темновой ток ниже 10–20 нА на уровне 0,9 от 
напряжения пробоя. Наблюдалось однородное распределение значения пробивного 
напряжения по площади при -85 В, а также долговременная стабильность характеристик 
лавинного фотодиода.
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Introduction

The development of modern light detection and ranging systems for pilotless vehicles requires 
the creation of compact, efficient, and highly sensitive detectors of laser emission in the eyes safe 
spectral range of 1300–1550 nm [1, 2]. One of the approaches to create such detectors is using 
of avalanche photodiodes (APD) arrays operating in Geiger mode [3]. APDs based on InAlAs/
InGaAs/InP heterostructures have certain advantages over widely used InP/InGaAs APDs due 
to the large ratio of the ionization coefficients of charge carriers and their temperature stability, 
which reduces the noise of avalanche multiplication [4] and improves the thermal stability of the 
breakdown voltage [5]. The mesa structure is widely used to isolate the active area of the InAlAs/
InGaAs APD in a lateral direction. A serious problem of APD designs with a mesa structure is 
surface leakage currents, which makes the main contribution to the dark current [6, 7]. Methods 
of mesa structure etching and the passivation with dielectric films have a significant effect on 
the surface leakage current value. For PIN photodiodes, an effective method of mesa structure 
passivation in an aqueous solution of ammonium sulfide ((NH4)2Sx), so-called sulfide passivation, 
was successfully tested [8], while an important point for obtaining a time-stable reduction of 
surface leakage currents is additional protection of the surface with the oxygen-free dielectric 
coating [9].

In this paper we present a study of the effect of passivation of the surface on performance 
of the InAlAs/InGaAs/InP APDs with mesa structure using treatment in an aqueous solution 
of ammonium sulfide and subsequent protection by a layer of polyamide (sulfide-polyamide 
passivation) on APDs electric characteristics.

Materials and Methods

APD heterostructures were grown by molecular beam epitaxy on semi-insulating InP(100) 
substrates. The structure was comprised a highly doped n-type InGaAs contact layer, a highly 
doped n-type InAlAs layer, an undoped InAlAs multiplication layer with a thickness of 850 nm, a 
p-type InAlAs charge layer, an undoped InAlGaAs gradient layer, an undoped InGaAs absorbing 
layer with a thickness of 1700 nm, an undoped InAlGaAs gradient layer, a highly doped p-type 
InAlAs layer, and a thin highly doped p-type InGaAs contact layer. After the formation of 
a top ring Ti-Pt-Au contact, the mesa was etched in an H3PO4 :HBr : K2Cr2O7 solution with 
penetration to highly doped n-type layers located between the multiplication layer and the 
substrate. Processing of the surface in an aqueous solution of ammonium sulfide followed by 
a protective layer of AD-9103-30 polyamide (sulfide-polyamide passivation) was studied as an 
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Fig. 1. Schematic representation of the APD crystal formation technological process (the difference 
between two types is highlighted in red)

alternative option for the passivation of a mesa structure sidewalls. Two groups of APD samples 
were made from fragments of one epitaxial heterostructure to assess the passivation effect. The 
first group was made by a standard technological process (type 1) and the second was made with 
sulfide-polyamide passivation (type 2) (Fig. 1).

Fig. 2. Scanning electron microscopy image of the mesa structure edge after polyamide protection 
layer formation

Results and Discussion

For the second group of samples, a protective ring was formed along the perimeter of the mesa 
structure from a polyamide layer (Fig. 2) with sufficiently smooth edges of the walls.

The dark current and photocurrent on the applied voltage for a fabricated InAlAs/InGaAs 
APDs with standard technological process (type 1) and APDs with sulfide-polyamide passivation 
of the mesa structure (type 2) with a diameter of 32 µm at room temperature together with the 
corresponding dependence of the avalanche multiplication factor were measured (Fig. 1). The 
breakdown voltage (Ubr) for APD was -85 V. For APD type 1 the value of the dark current was 
about 200 nA under U = 0.9Ubr. Characteristic values of the dark current under U = 0.9Ubr of the 
fabricated APDs type 2 were in the range of 10–14 nA, which confirms the effectiveness of the 
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Fig. 3. The dependence of the photocurrent and the dark current on the applied voltage (a) and 
corresponding multiplication factor (b)

a) b)

proposed passivation method. Based on these data, the sulfide-polyamide passivation of the mesa 
structure made it possible to reduce the dark currents of photodiodes by ~ 15 times.

An important requirement on the passivation technology is to ensure the reproducibility and 
long-term stability of the parameters. The fabricated devices demonstrate high uniformity of the 
breakdown voltage whose value is 85 V. The spectral sensitivity (photoresponse) values in 1550 nm 
range are 0.85–0.88 A/W (M = 1), and their corresponding capacitance values are 0.11–0.12 pF. 
The dark current of the investigated APD type 2 does not exceed 20 nA.

Conclusion

The surface passivation of InAlAs/InGaAs APDs with mesa structure design using processing 
in an aqueous solution of ammonium sulfide followed by a protective layer of polyamide was 
studied. The APDs with an active area diameter of 32 µm have shown a reproducible achievement 
of dark current levels of 10–20 nA under an applied voltage of 0.9 of the breakdown voltage. The 
uniform distribution of the breakdown voltage across the sample area at the level of -85 V, and 
long-term parameter stability was demonstrated.

Acknowledgments

This work was supported by the Ministry of Science and Higher Education of the Russian 
Federation, research project no. 2019-1442 (project reference number FSER-2020-0013). 
The structural parameters were analyzed at the Joint Research Center ‘Materials science and 
characterization in advanced technology’.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 3.1

356

Received 04.07.2023. Approved after reviewing 13.07.2023. Accepted 13.07.2023.

© Peter the Great St. Petersburg Polytechnic University, 2023

THE AUTHORS

ANDRYUSHKIN Vladislav V. 
vvandriushkin@itmo.ru
ORCID: 0000-0002-7471-8627

MALEEV Nicolai A. 
maleev.beam@mail.ioffe.ru
ORCID: 0000-0003-2500-1715

KUZMENKOV Aleksandr G. 
kuzmenkov@mail.ioffe.ru
ORCID: 0000-0002-7221-0117

KULAGINA Marina M. 
Marina.Kulagina@mail.ioffe.ru
ORCID: 0000-0002-8721-185X

GUSEVA Julia A. 
Guseva.Julia@mail.ioffe.ru
ORCID: 0000-0002-7035-482X

VASIL’EV Alexey P. 
Vasiljev@mail.ioffe.ru
ORCID: 0000-0002-2181-5300

BLOKHIN Sergei A. 
blokh@mail.ioffe.ru
ORCID: 0000-0002-5962-5529

BOBROV Mikhail A. 
bobrov.mikh@gmail.com
ORCID: 0000-0001-7271-5644

TROSHKOV Sergey I. 
S.Troshkov@mail.ioffe.ru
ORCID: 0000-0002-3307-6226

PAPYLEV Denis S. 
dspapylev@itmo.ru
ORCID: 0009-0001-3683-5558

KOLODEZNYI Evgenii S. 
evgenii_kolodeznyi@itmo.ru
ORCID: 0000-0002-3056-8663

USTINOV Victor M. 
vmust@beam.ioffe.ru
ORCID: 0000-0002-6401-5522

6. Ma Y., Zhang Y., Gu Y., Chen X., Shi Y., Ji W., Xi S., Du B., Li X., Tang H., Li Y., 
Fang J., Impact of etching on the surface leakage generation in mesa-type InGaAs/InAlAs avalanche 
photodetectors, Optical Express. 24 (7) (2016) 7823–7834.

7. Zhou Y., Ji X., Shi M., Tang H., Shao X., Li X., Gong H., Cao X., Yan F., Impact of SiNx 

passivation on the surface properties of InGaAs photo-detectors, Journal of Applied Physics. 118 (3) 
(2015) 034507.

8. Sheela D., DasGupta N., Optimization of surface passivation for InGaAs/InP PIN photodetectors 
using ammonium sulfide, Semiconductor Science and Technology. 23 (3) (2008) 035018.

9. Ravi M.R., DasGupta A., DasGupta N., Silicon nitride and polyimide capping layers on InGaAs/
InP PIN photodetector after sulfur treatment, Journal of Crystal Growth. 268 (3–4) (2004) 359–363.


