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DLTS STUDY OF InGaAsN /GaAs p-i-n DIODE

The paper presents an in-depth DLTS characterization of the p-i-n structure based on the InGaAsN/GaAs triple quantum well. Three
DLTS evaluation methods were used for evaluation of the measured DLTS spectra. The results of all evaluation methods are compared and

discussed. One of the evaluation methods that were used is a novel numerical algorithm that was recently developed. Several material and

growth defects were identified. Emission from the quantum well was also observed and identified. The parameters of the energy levels were
calculated and compared. The studied InGaAsN/GaAs structure is promising candidate for the solar cell applications and the further refine-

ment of the growth process and technology is encouraged.
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1. Introduction

One of the very promising materials in optoelectronics
is a new class of semiconductors known as dilute nitrides.
These dilute nitrides with nitrogen concentrations less than
5%, are opening the door for several key technologies in the
near-infrared, particularly for optical fiber communication and
solar cells applications. Dilute nitrides such as GalnNAs can
be grown directly on gallium arsenide, which allows well-
established processing techniques [1]. Unusual properties of the
InyGalryAsHNx semiconductor alloys such as a huge and negative
band gap bowing coefficient and a large conduction band offset
make this semiconductor very promising for applications in high
efficient multijunction solar cells [2].

DLTS (Deep Level Transient Spectroscopy) study of the
p-i-n structure based on the triple quantum well InGaAsN/GaAs
heterostructure is introduced in the paper. The structure was
grown by atmospheric pressure metalorganic vapor phase epitaxy.

In order to determine the origin of the traps detected in this
sample, we had to use several evaluation methods of measured
DLTS spectra and compare the evaluated results of all used
methods. The measured data were compared with other similar
structures [3] and thus it was possible to determine, whether
the deep energy levels are caused by emission from quantum
well or by presence of material defects in the structure. This
paper summarizes the results of the in-depth study of this very
interesting p-i-n structure with QW (quantum well), which is
promising candidate for the solar cell applications.

2. Experiment

The p-i-n diode labeled NI71n based on InGaAsN/GaAs
multi-quantum well structure was investigated in this experiment
(Table 1 and Fig. 1 list the parameters of the sample). The
investigated sample was manufactured at Wroclaw University

The parameters of the p-i-n diode structure labeled NI171n Table 1
3xUD In Ga, As, N
- Sub Bufh Bufh i wells UDGaAs | UD | pGaAs: | p"GaAs:
ample ubstrate uffer uffer quantum wells barrier GaAs - 7n
thickness (nm) | y (%) x (%)

¥ S n-GaAs:Si UD-GaAs 8.8 nm 8.0 0.47 F
NI71n R 22.5nm | 0.45 um L2 iy

(100) 0.30 ym 0.45 ym 8.8 nm 17.0 0.10 pm 50 nm
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of Technology using APMOVPE with AIX200 R&D AIXTRON
horizontal reactor on (100)-oriented Si-doped n-type GaAs
substrate at specific growth conditions [4]. 3 X InyGalryAslrxNX
quantum wells consist of two sub wells (Table 1). The top ohmic
contact (area of 2 x 102 cm?) was prepared by AuMn evaporation
on p‘GaAs:Zn “cap” layer. The bottom ohmic contact was

created by AuGeNi evaporation.

p- GaAs:Zn “cap” 50.0 nm
p - GaAs:Zn 0.25 um
UD GaAs 0.45 um
UD InGaAsN QW i 17.6 nm
UD GaAs barrier {22.50m
UD InGaAsN QW {17.6 nm
UD GaAs barrier {22.50m
UD InGaAsN QW i 17.6 nm
UD GaAs buffer 0.45 um
n*- GaAs:Si buffer 0.30 um
n- GaAs:Si (100) substrate

Fig. 1 Schematic description of the investigated structure

BIORAD DL8000 measurement system was used for
measurement of the DLTS spectra in the temperature range from
80 to 550 K. Apart from the standard DLTS maximum evaluation
analysis, this measurement system is equipped with the Fourier
transform analysis for the evaluation of the measured capacitance
transients (Direct auto Arrhenius Single and Multilevel
evaluation). An evaluation method that uses numerical algorithm
and least square method for calculation of the deep energy level
parameters (LSQ method) has been recently developed at our
institute [5] and is suitable for evaluation of the studied structure.
The obtained DLTS spectra were evaluated using all available
DLTS evaluation methods.

3. Results and discussion

The evaluation of the measured DLTS spectra had resulted
in the identification of several deep energy levels in the measured
structure. Several sets of measurement conditions were used
during the study of the sample. Fig. 2 depicts one of the measured
DLTS spectra with the measurement conditions. The Arrhenius
plot in Fig. 3 shows all the evaluated deep energy levels with their
activation energies.
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Fig. 2 Measured DLTS spectra with the measurement conditions
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Fig. 3 Arrhenius plot of the evaluated and identified deep energy levels
HTI-HT6 and ETI

Table 2 lists the evaluated deep energy levels with their
parameters (activation energy AE , capture cross-section O ., and
trap concentration N), the evaluation method type by which it
was evaluated, and the probable origin of the deep energy level.
The deep energy level HT1 (Table 2) was identified by evaluation
with “min. class for evaluation” 40 and it’s very interesting for
a brief discussion. This hole-like level with rather small activation
energy has a very small value of the capture cross-section. If we
consider the fact that one of the most valuable properties of
dilute nitride alloys is a discontinuity of the valence band equal to
150 meV we may assume that the level HT1 (0.038 eV) is related
with this discontinuity and corresponds with the emission of the
holes from the quantum well in the valence band.
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List of parameters and evaluation conditions for all identified deep energy levels Table 2
. Activation Captur.e Trap
Energy| Evaluation cross-section . .
energy . concentration| Probable origin
level | method used AEx (V) prierez Nr( 3)
T® oT (sz) T{cm
MultiLevel 0.038 1.1E-20 34E+13
HT1 Emission from QW
LSQ 0.080 1.7E-20 9.0E+13
MultiLevel 0.308 1.2E-15 6.5E+13
HT2 HL70.35eV [0]
LSQ 0.309 6.0E-15 6.2E+13
MultiLevel 0.281 2.7E-17 3.0E+13
HT3 HL12 0.27 ¢V [6]
LSQ 0.289 2.2E-16 5.0E+13
HT4 | Single level 0.200 4.7E-21 1.1E+14 Summary signal
0.382 6.1E-18 1.0E+14
MultiLevel 0.443 4.6E-17 8.3E+13
gi:; 0.549 2.0E-15 2.4E+14 HI8 0.519 eV [6]
HT4c 0.385 2.8E-17 sse+13 | HML0SSeVITL (8]
LSQ 0.439 2.6E-17 6.2E+13
0.549 6.2E-15 2.5E+13
Single level 0.487 1.1E-16 8.2E+12
HTS HL8 0.519 ¢V [6]
LSQ 0.480 1.0E-17 1.9E+13
Single level 0.526 1.0E-19 4.7E+13
HT6 Fe 0.54 eV [9]
LSQ 0.529 8.0E-20 4 0E+13
Tt Single level 0.830 1.9E-14 1.2E+13 EL2 0.83] eV
15Q 0.815 9.5E-15 74E+13 (101, 1]

Most of the energy levels that were evaluated were identified
as well-known material defects of GaAs (HT2, HT3, HT4a, HT4b,
HT4c, HTS, and ET1). Energy level HT2 was identified as HL7
with activation energy AE = 0.35 eV [6], HT3 as HL12 with
activation energy AE = 0.27 eV [6]. Energy level HT3 is related
to the contamination by zinc [6], which in case of the investigated
sample is used as p-type doping in the upper GaAs layer. Energy

level HT4 is in most measured DLTS spectra represented by
single wide peak. In fact it consists of three peaks representing
three energy levels HT4a, HT4b a HT4c. This information was
obtained by Multi level Auto Arrhenius evaluation method.
This evaluation method uses Fourier transformation and allows
detailed analysis of the measured DLTS spectra, which can lead
to identification of the component energy levels of the summary
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signal. The component energy levels HT4a, HT4b and HT4c were
confirmed by the LSQ algorithm as well. Energy levels HT4a,
HT4b and HT4c were identified as defects related to the growth of
GaAs (HL8 with activation energy AE = 0.519 eV [6] and HM1
with activation energy AE_ = 0.55 eV, representing AsGa antisite
[7] and [8]). Energy level HT5 corresponds with HLS8 (activation
energy AE. = 0.519 eV) [6]. Energy level HT6 is related to iron
contamination and has an activation energy AE. = 0.54 eV [9].
Energy level EL2 represents a well-known material defect of
GaAs EL2 often found in bulk GaAs (activation energy of EL2:
AE_ = 0.831 eV [10], [11]). The results of the evaluation of the
measured DLTS spectra by LSQ algorithm is depicted in Fig. 4.
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Fig. 4 Arrhenius plot of the evaluated and identified deep energy levels
HTI-HT6 and ETI

Deep energy level parameters that were calculated by LSQ
algorithm are listed in Table 2 and it is possible to compare them
with the results of other evaluation methods. All deep energy
levels were confirmed by LSQ algorithm evaluation and the
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existence of other deep energy levels in the grey areas of Fig. 4 is
suggested. Small differences in the values of the deep energy level
parameters obtained by different evaluation methods don’t refer
to the calculation error, but rather confirm the use of different
physical models in the evaluation analysis.

4. Conclusion

DLTS study of p-i-n structure (NI71n) based on the triple
quantum well (MQW) InGaAsN/GaAs heterostructure with the
application of the numerical algorithm evaluation is presented
in this paper. Several electrically active deep energy levels were
confirmed. The parameters of the identified deep energy levels
were calculated by three methods of evaluation with high level
of precision. The assignment to the previously known defects
of the evaluated deep energy levels was suggested. Emission of
the charge carriers from the quantum well was observed and
identified as an energy level HT1 (0.038 eV). Seven more hole
energy levels and one electron energy level were identified and
related to known material and growth defects of GaAs. Out
of them two energy levels (HT3 and HT6) were identified as
contaminations.
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