N
N

N

HAL

open science

Admittance spectroscopy of InGaAsN based solar cells
A Baranov, a S Gudovskikh, D A Kudryashov, a M Mozharov, K S Zelentsov,
Jean-Paul Kleider

» To cite this version:

A Baranov, a S Gudovskikh, D A Kudryashov, a M Mozharov, K S Zelentsov, et al..
tance spectroscopy of InGaAsN based solar cells. Journal of Physics: Conference Series, 2017, 917,

10.1088/1742-6596/917/5/052033 . hal-01672085

HAL Id: hal-01672085
https://centralesupelec.hal.science/hal-01672085
Submitted on 11 Mar 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Admit-


https://centralesupelec.hal.science/hal-01672085
https://hal.archives-ouvertes.fr

Journal of Physics: Conference Series

PAPER « OPEN ACCESS Related content

Admittance spectroscopy of INGaAsN based solar — Vasiokana AR

Ce I I S - Admittance Spectroscopy of ZnO Crystals
Containing Ag
Yasuo Kanai
To cite this article: A | Baranov et al 2017 J. Phys.: Conf. Ser. 917 052033 - Strain-Compensated GaAsN/InGaAs
Superlattice Structure Solar Cells
Pei-Hsuan Wu, Yan-Kuin Su, I-Liang Chen
etal.

View the article online for updates and enhancements.

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 160.228.216.253 on 11/03/2020 at 13:48


https://doi.org/10.1088/1742-6596/917/5/052033
http://iopscience.iop.org/article/10.1143/JJAP.29.1426
http://iopscience.iop.org/article/10.1143/JJAP.30.2021
http://iopscience.iop.org/article/10.1143/JJAP.30.2021
http://iopscience.iop.org/article/10.1143/JJAP.45.L647
http://iopscience.iop.org/article/10.1143/JJAP.45.L647
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvK1ookqh1wPZUmKwBU607L67kCXJNKQ6Gf1J4w82LM_rjPUGvqSK8JBlRuqCCmZ1zuUwY8rsm6wseQQ0eaJDiawZY3WqBtix55yRFA31zTymczFlpQYLLJWiVugXoueyEAHy-0tAJV97H_6fJxZZckPD1epsxysqVDS_w4WV8TjRiDSdwamW4G9BaGUe2s4l4r40JvrvYkhJbb3KOA3tOVNvHnAL9MEpYD-by5VMz6lSq6BSxo&sig=Cg0ArKJSzKvKoAaJQKj4&adurl=http://iopscience.org/books

Saint Petersburg OPEN 2017 IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 917 (2017) 052033 doi:10.1088/1742-6596/917/5/052033

Admittance spectroscopy of InGaAsN based solar cells

A 1 Baranov!?*, A S Gudovskikh'3, D A Kudryashov!, A M Mozharov!, K S
Zelentsov!, J-P Kleider?

!'St Petersburg Academic University of RAS, 194021 St Petersburg, Russia.

2 GeePs (Group of electrical engineering — Paris), UMR CNRS 8507, CentraleSupélec,
Univ. Paris-Sud, Université Paris-Saclay, Sorbonne Universités, UPMC Univ Paris 06,
91192 Gif-sur-Yvette CEDEX, France.

3 St Petersburg Electrotechnical University "LETI", 197376 St Petersburg, Russia.

*baranov_art@spbau.ru

Abstract. Single-junction InGaNAs solar cells were grown by MBE with active layers based on
a GaAsN/InAs superlattice. Dependence of defect formation on thickness of InGaNAs was
explored in the study. Thickness increase from 900 nm to 1200 nm leads to defect formation
with two activation energies of 0.20 eV and 0.50 eV but the value of quantum efficiency stays
almost the same. Further thickness increase up to 1600 nm leads to the increase of defect
concentration in the InGaNAs active layer. These defects are non-radiative recombination
centres because a significant decrease of solar cell quantum efficiency was observed. The
existence of a critical thickness for defect-free growth of InGaNAs based on GaAsN/InAs
superlattice is proposed.

1. Introduction

In 2015 multi-junction solar cells (MJ SC) based on III-V compounds with a record efficiency of 46%
were fabricated [1]. Triple-junction SC based on the GalnP (1.85 e¢V) / GaAs (1.42 ¢V) / Ge (0.7 eV)
system are used in industry for space applications where the key factors are efficiency and resistance to
radiation. But its concentrator efficiency has almost reached the theoretical limit (46%) and now its
value is more than 40% [2]. Fortunately, according to theoretical estimations an additional subcell with
energy bandgap of 1 eV could increase the SC efficiency up to 52% [3]. However, such subcell should
be lattice-matched to Ge and GaAs wafers. Ga.nxNyAsiy with a small content of nitrogen is one of
the most promising alloys to reach this goal. Such III-V-N alloys (GaPNAs, InGaNAs etc.) with nitrogen
content less than 5% are called dilute nitrides. It has been shown that the small addition of nitrogen leads
to large bowing parameters for the bandgap in quaternary Ga,xIn.NyAs.y alloys: already few percent of
nitrogen reduces the bandgap by hundreds of meV [4] and a value of 1 eV can be achieved. Furthermore,
these layers can be epitaxially grown on Ge and GaAs wafers when y=0.35x. Various groups [3, 5-8]
studied InGaNAs layers grown by epitaxy, but the quality is not sufficient for fabrication of high-
efficiency solar cells. The low lifetime of charge carriers is the most crucial issue in dilute nitrides. The
main reason is the high concentration of non- radiative recombination centers in active layers. In
MOCVD (metal- organic chemical-vapor deposition) it comes from the background doping of carbon
and hydrogen during the process. On the other hand, MBE (molecular-beam epitaxy) allows one to avoid
these problems and enables to control the flow of nitrogen more precisely. However, a lower process
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temperature is required for the growth of GaAsN compared with that of GaAs in MBE: it leads to defect
formation reducing dramatically the lifetime in InGaNAs. Some researchers try to avoid the defect
formation by addition of antimony in active layers of InGaNAsSb [6]. Unfortunately, Sb can deposit on
the wall of the chamber which leads to negative background doping in subsequent layers. Consequently
it is necessary to have two chambers for the growth of MJ SC, but this renders the technology much
more complicated.

Recently, a new method was explored for the fabrication of InGaNAs based compounds without
antimony [8]. It is based on the growth of a GaAsN/InAs superlattice by MBE. In this paper properties
of i- GaAsN/InAs layers in single-junction SC by admittance spectroscopy will be explored.

2. Experiments and samples

Three p-i-n structures with different thickness (900 nm, 1200 nm, 1600 nm) of active InGaNAs i-layer
based on GaAsN/InAs superlattice were grown on n-type GaAs wafers by MBE using a Veeco GEN 111
setup with a plasma nitrogen source. A p-type GaAs layer was grown on the top as a wide-bandgap
window (concentration of acceptors is 10! ¢cm™). Silicon and beryllium were used for n- and p- type
doping in GaAs layers, respectively. The bandgap energy of the InGaNAs layer is equal to 1 eV as
confirmed by PL measurements. Metallic Au/Ge and Au/Zn alloys were evaporated on the bottom and
top side of structure, respectively, for the fabrication of contacts. Ohmic behaviour was obtained after
rapid thermal annealing at 400 °C. Au/Zn was evaporated as circular contacts with diameters of 0.25,
0.5, 1 and 2 mm for capacitance measurements. Then samples were etched in a solution of
H>S04:H,0,:H,0=5:1:1 for the fabrication of mesa-structures. The sample structure is schematically
presented in Figure 1.

The admittance spectroscopy technique allows one to estimate the activation energy (E,) and the
capture cross section (c,) of the defect level from the analysis of the temperature and frequency
dependence of the capacitance, C(T,f), and of the conductance, G(T,f) [9]. The measurements were
performed using a liquid nitrogen cryostat in the temperature range from 80 K to 360 K and at
frequencies from 20 Hz to 1 MHz. Three different value of bias voltage were used (-0.4 V, -0.2 V, 0.0
V) and the test signal amplitude was set to 50 mV.

Au/Zn

p-GaAs 200nm 1-10Y¢m

1-InGaNAs

n-GaAs 200nm 3-10%c¢m

n-GaAs wafer

Au/Ge

Figure 1. Schematic view of the p-i-n structure with i- InGaNAs layer.

3. Results

The measured temperature and frequency dependences of the capacitance are shown in Figure 2 for zero
bias voltage. The capacitance of the sample with the 900 nm thick InGaNAs layer decreases
monotonously with the increase of frequency for all temperatures. No step is observed in C(f) curves
meaning no response from defect level in this temperature range. However, the shape of C(f) curves is
dramatically changed when the InGaNAs layer thickness is increased to 1200 nm. Detailed analysis of
C(f) curves allows one to observe two small steps: a first step at low temperatures 100..220 K and a
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second step at high temperatures 320..360 K. These steps can be caused either by bulk defect levels in
the undoped layer or by interface states at InGaNAs/GaAs heterojunctions. The step position in C(f, T)
curves does not depend on applied bias voltage (measurements are not shown here) indicating that the
response originates from bulk defects rather than from the InGaNAs/GaAs interface. Further increase
of thickness to 1600 nm leads to a drastic increase of the amplitude of the first step while the second
step in C(f)curves remains the same (Figure 2c).
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Figure 2 (a, b, ¢). C(T,f) curves for SC with InGaNAs active layers with thickness of: 900 nm (a),
1200 nm (b), and 1600 nm (c).

Arrhenius plots of f/T? (f and T being the turn-on frequency and temperature, respectively, of the
capacitance step, or of the maximum of the related conductance peak) are used to derive the activation
energy and capture cross section (from the extrapolation to infinite temperature) of the defect responsible
for the capacitance step. The Arrhenius plots are shown in Figure 3 for both structures with i-InGaNAs
thickness of 1200 nm and 1600 nm. For the sample with i-layer thickness of 1200 nm the low-
temperature defect level has an activation energy (E.) of 0.20 eV and a capture cross section (o) of
7.2x107'7 cm? while the high-temperature defect has parameters E.= 0.46 eV and o = 6.3x10'® cm?,
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respectively. For the sample with 1600 nm thick i-layer the low-temperature defect level has parameters
E.=0.18 ¢V and ¢ = 6.4x107cm? and for the high-temperature E, = 0.54 ¢V and ¢ = 1.5x10"¥cm?.
Taking into account the uncertainty in the experimental measurements we can conclude that the
parameters of the both high-temperature and low-temperature levels are similar in both samples,
meaning that it is a characteristic feature of the i-InGaNAs layer based on the GaAsN/InAs superlattice.
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Figure 3. Arrhenius plot of f/T? for the two steps detected in the 1200 nm and 1600 nm thick i-
InGaNAs samples.

Parameters of the high-temperature defect detected in our i-InGaNAs layers correspond to previously
described defects with an activation energy of 0.50 eV in literature [7, 10]. Such defects located in the
middle of the InGaNAs bandgap (1 eV) can be considered as centers of strong non-radiative
recombination leading to low charge carriers lifetime in these active layers. In our previous study [8]
we showed the dependence of external quantum efficiency on thickness for these samples (Figure 4).
From experimental results of admittance spectroscopy and quantum efficiency we can conclude that,
when the thickness increases from 900 nm to 1200 nm conditions become more favorable for the
formation of defects in InGaNAs. But their concentration is too low to affect the quantum efficiency of
SC. Quantum efficiency decreases slightly in the short wavelength range due to recombination losses
while it slightly increases in long wavelength range because of enhanced absorption with the thickness
increase. Further thickness increase to 1600 nm leads to significant increase of defect concentration in
active layers and extremal decrease of quantum efficiency of SC. Obviously, the detected defects can
be centers of non-radiative recombination which lead to degradation of photoelectrical properties of
InGaNAs. Unfortunately, admittance spectroscopy does not allow one to estimate the absolute value of
defect concentration directly, but future experiments will be based on deep-level transient spectroscopy
(DLTS) technique for a more precise determination of detected defects parameters.
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Figure 4. External quantum efficiency of p-i-n structures with i- InGaNAs layers.

4. Conclusion

The dependence of defect formation on the thickness of the i- InGaNAs layer based on GaAsN/InAs
superlattices was explored in this study. Increase of thickness from 900 nm to 1200 nm leads to the start
of defect formation with two activation energies of 0.20 eV and 0.50 eV but the quantum efficiency
does not change significantly. Further thickness increase up to 1600 nm leads to high defect
concentrations in the InGaNAs active layers and to a significant decrease of quantum efficiency of solar
cells. The existence of a critical thickness for defect-free growth of InGaNAs based on GaAsN/InAs
superlattices can thus be emphasized.
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