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20 Abstract

21 Recent studies demonstrated that the performance of InGaN/GaN quantum well (QW) light
;g emitting diodes (LEDs) can be significantly improved through the insertion of an InGaN
4 underlayer (UL). The current working hypothesis is that the presence of the UL reduces the density
25 of non-radiative recombination centers (NRCs) in the QW itself: during the growth of the UL,
26 surface defects are effectively buried in the UL, without propagating towards the QW region.
27 Despite the importance of this hypothesis, the concentration profile of defects in the quantum
28 wells of LEDs with and without the UL was never investigated in detail. This paper uses
29 combined capacitance-voltage (C-V) and steady-state photocapacitance (SSPC) measurements to
2(1) experimentally identify the defects acting as NRCs and to extract a depth-profile of the traps, thus
32 proving the incorporation upon indium-reaction. Specifically: (i) we demonstrate that LEDs
33 without UL have a high density (9.2x10° cm™) of defects, compared to samples with UL (0.8x10%
34 cm®); (i) defects are located near midgap (Ec-1.8 eV, corresponding to Ei-E1~0.3eV), thus acting
35 as efficient NRCs; (iii) crucially, the density of defects has a peak within the QWSs, indicating that
36 traps are segregated at the first grown InGaN layers; (iv) we propose a model to calculate trap
37 distribution in the QW, and we demonstrate a good correspondence with experimental data. These
gg results provide unambiguous demonstration of the role of UL in limiting the propagation of defects
40 towards the QWs, and the first experimental characterization of the properties of the related traps.
41

42

ji Introduction

45 Light-emitting diodes (LEDs) with InGaN/GaN quantum well (QW) are efficient structures for
46 electroluminescence in the near-UV and blue spectral region, with internal quantum efficiency
j; (IQE) that reach values over 80% [1]. The use of an InGaN underlayer (UL) below the QW region
49 has been proposed as an effective solution to increase the efficiency of the LEDs. By increasing
50 the concentration of indium inside the UL, the number of defects incorporated in the subsequent
51 QW growth decreases [2]. These results are consistent also with reports by other groups [3]-[14],
52 where the performance of GaN p-i-n diodes was improved via a similar approach. In addition to
53 the concentration of indium, also the growth temperature can have a role in the reduction of the
>4 defects [15].
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Several mechanisms have been proposed to explain the improved performance obtained through
the use of the UL: a) the UL acts as a reservoir of electrons, that improves the injection efficiency
[16]; b) the UL improves the crystalline quality, reducing the density of dislocations in the QWs
[17]; c) the UL reduces the strain in the QW region, thus minimizing the quantum confined Stark
effect (QCSE) [18]. Recently, a study on single QW samples has shown that the purpose of InGaN
UL is to increase the IQE of InGaN QWs by reducing the non-radiative center density in the QWs,
[1] as originally proposed by Armstrong et al. [19].

Despite the importance of this hypothesis, experimental profiling of the defects near the active
region (with consequent evidence of the fact that the UL effectively reduces the density of defects)
has not been reported to date in the literature. Several different techniques have been used to this
aim: a) secondary ion mass spectroscopy (SIMS) proved to be ineffective [2], since it can track
only specific impurities (like O, C, Mg, Fe, and Ca), with a relative low sensitivity (10*® cm in
most cases); b) capacitance-voltage (C-V) analysis [19], [20] can detect changes in free charge
density, without describing the properties of the related defects; c) non-radiative defects are
supposed to be located near midgap where, according to the Shockley-Read-Hall theory, they have
maximum recombination probability [21]. However deep-level transient spectroscopy and
admittance spectroscopy [22] are not sensitive to mid-gap defects in GaN (typically these
techniques detect levels located at a maximum of 1 eV below the conduction band energy); d)
recent reports [19], [20], [22] suggested the existence of midgap-defects through optical
spectroscopy, without investigating the difference in concentration in the QW region for samples
with and without UL.

The aim of this paper is to bridge this gap, by providing an experimental proof of the reduction in
point defects obtained through the use of an UL. To advance the understanding, (i) we
unambiguously demonstrate that the use of an UL can reduce the density of defects in the QW
region; (ii) we show that defects are located near midgap (at Ec-1.8 eV for a QW emission energy
of 3.1 eV, corresponding to Ej-E7~0.3eV), thus acting as effective NRCs; (iii) thanks to the use of
a specific test structure, with heavily doped n-type barriers surrounding the QWSs, we are able to
obtain a profile of defect concentration in the QWs; (iv) we demonstrate that for the sample without
UL defect concentration peaks within the QW, thus experimentally proving that the first InGaN
layers grown capture most of the surface defects, thus impeding a further propagation towards the
p-side; (v) we propose a model to calculate the defect density and profile in the QW region, and
demonstrate a good agreement with experimental data. These results were obtained thanks to
combined capacitance-voltage and steady-state photocapacitance measurements, on the test
structures described below.

Experimental results

For this analysis we used two comparable wafers, whose only difference is the presence or absence
of a nearly lattice-matched InAIN UL below the QW (Figure 1). The InAIN UL has been shown
to act similarly to an InGaN UL [4] as In is the key ingredient to trap the defects. The analyzed
LEDs have a sapphire substrate, a GaN buffer, followed by either an InAIN UL (2 layers GaN 1.75
nm/Ino17AlossN 2.1 nm both doped 1.5x10%°, 22 layers superlattice constituted of GaN 1.75
nm/Ing.17Alo.ssN 2.1 nm both doped 3x10*) with a thin GaN buffer (sample labeled as w/ UL), or
only by a thin GaN buffer (sample labeled as w/o UL). Above this layer, the InGaN single QW
layer was grown. The QW was sandwiched between two highly-doped (10* cm3) n-type barriers.
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These barriers are necessary to make sure that at zero bias the depleted region does not include the
QW, thus permitting an efficient defect analysis of the QWSs via capacitance and SSPC
measurements. Finally, the electron blocking layer (EBL) and the p-type GaN cap were grown.

w/o UL w/UL

GaN:Mg 1x10%%cm-3 Cap  222nm GaN:Mg 1x10%%cm3 Cap 222nm

Aly,0GaggoN:Mg  1.5x10%°cm=  EBL 20nm Aly,0GaggN:Mg  1.5x10%cm=  EBL 20nm

GaN:Si Spacer 20nm GaN:Si Spacer 20nm

GaN:Si 1x10%8cm?3 Barrier GaN:Si 1x10%*cm-3 Barrier 7.5nm

1x10%8cm-3 Barrier 1x10%8cm-3 Barrier 7.5nm

3x10%8cm-3 Spacer 3x10'8cm-3 Spacer 20nm

GaN:Si 3x10'8cm-3 5nm

18, =
Bl INAIN:Si SLUL 70.8nm

3x10%8cm3 Buffer 2um 3x10%8cm3 Buffer 2um

Sapphire Sapphire

Figure 1 - Internal structure of the LEDs. On the left the one without superlattice underlayer,
on the right the one with superlattice underlayer

To compare the two wafers, EQE characterization (between 2x10° A/cm? and 600 A/cm?) and
current-voltage (I-V) measurements were carried out. To detect deep (midgap) defects, we carried
out steady-state photocapacitance (SSPC) measurements, performed by illuminating the samples
with monochromatic radiation with energy ranging from 1.1 eV to 3.65 eV, with bias of 0V.
Additional measurements were carried out at fixed photon energy (1.95 eV, to deplete midgap
defects), with different voltages from -2.5 V to 2 V with step of 50 mV, to obtain a concentration
profile of the deep levels. Finally, light-assisted C-V measurements were carried out, with a photon
energy of 1.95 eV. These measurements, both in dark and in light conditions, were done with a
small signal of 50 mV and voltage steps of 50 mV, at two different frequencies of 1 kHz and 1
MHz, in order to estimate correctly both the depletion width and the density of free charge.
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Figure 2 — (a) Relative EQE versus current density, (b) current — voltage characteristic of
representative samples with and without underlayer, (c) optical power versus current density.

Figure 2 reports the electro-optical characteristics of the two wafers. Specifically, the EQE (Figure
2(a)) measurements indicate that the sample with UL has a higher efficiency, consistently with
previous studies on the topic [2], [4]. The I-V characteristics (Figure 2(b)) indicates that the sample
without UL has a much higher current below the turn on voltage (between 1 V and 2.5 V). Sub-
turn on leakage is typically ascribed to midgap defects [23], [24]; results in Figure 1 (b) give
therefore a first indication that the samples with and without UL differ in the density of midgap
defects.

To characterize the presence of defects, SSPC measurements were carried out in the range between
1.1 eV and 3.65 eV. The measurement setup is composed by a Xenon Arc lamp with a wide
emission spectrum, in order to cover all the photon energy range of interest, a monochromator to
extract a single and accurate wavelength, a filter wheel to remove second harmonic effects, and a
lens to focus the light inside an optical fiber used to bring light to the sample. The capacitance
measurement is done by a LCR meter properly synchronized with the rest of the setup. After setting
the bias (0 V), we maintained the sample in dark conditions for 20 seconds, in order to reach a
constant value of the capacitance. After that, we exposed the LEDs to monochromatic light for 20
seconds, to empty all the traps (this results in an exponential capacitance increase, Figure 3(a)). At
the end, we brought back the sample to dark conditions for 200 seconds, restore the dark
capacitance level. As shown in Figure 3(a), no significant signal was detected for low photon
energies (<1.6 eV). A significant capacitance variation was obtained for photon energies higher
than 1.6 eV, as will be discussed in the following. Remarkably, we found that the wafer with UL
has a much lower SSPC signal (Figure 3(b)), that is ascribed to a lower defect concentration.
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19 monochromatic light at different photon energies, (b) comparison between transients measured
20 on samples without and with underlayer with monochromatic excitation at 2.5 eV (bias=0 V).
21 It is worth noticing that the transient of the sample w/ UL is more than an order of a magnitude
22 lower than the other one.
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47 Figure 4 reports the steady state photo-capacitance spectra of the two wafers. Both samples reveal
48 the presence of near mid-gap defects with ionization energy of about Ec — 1.8 eV (corresponding
49 to Ei-ET~0.3 eV for the 3.1 eV bandgap under consideration), whose concentration is much higher
g? in the sample w/o UL (the amplitude of the SSPC signal gives a quantitative estimate of the density
52 of defects responding at each wavelength). The samples present another defect level each, at about
53 Ec — 2.5 eV for the sample w/o UL and Ec — 2.7 eV for the sample w/ UL. The optical activation
54 energies of these levels were extracted from the spectral dependence of optical cross-section (PCS)
55 fitted by the model proposed by Péssler [25] (fitting not reported for brevity). It is worth noticing
56 that the inflexion above 3.0 eV is related to generation in the QW. Beyond 3 eV (shaded region in
57
58 5
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Figure 3), the SSPC measurements do not provide reliable data on defects; for this reason, the
corresponding data are shaded in Figure 3.

The onset found in both devices around 1.8 eV is relevant, in terms of SRH recombination, since
it represents a near mid-gap defect. For this reason, we decided to do an additional investigation
in order to extract the profile of defect concentration in the material. We performed C-V
capacitance measurement to derive the apparent charge profile. Then we correlated, for each
voltage, the AC/C signal measured by SSPC measurements with the related density of defects,

through the well known formula Ny = 2 % N, where Nt is the trap concentration and N is the
density of free charge at a given voltage.

From this measurement, we were able to extract the approximate profile of the traps in the structure
(Figure 5(b)).
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Figure 5 — Concentration of the traps in the structure as a function of (a) applied voltage and (b)
distance from the junction. The blue line is the model of the NRCs incorporation in the QW.
The red line is the convolution of the model with a Gaussians which has a width of 5 nm.

Note that the concentration values estimated by SSPC are slightly underestimated than the real
ones (extrapolated with higher accuracy by light C-V measurements, see below) due to the
intrinsic resolution/sensitivity limit of SSPC. To convert (a) into (b), we simply calculated the
width of the space charge region (with the approximation of a p**/n junction) from the C-V
measurement, and plotted the concentration of traps as a function of it in (b).

Differently from previous papers [26], we were able to estimate the profile of the trap density in
the QWs for samples with and without underlayer. Figure 5 demonstrates a measurable peak of
trap concentration near/below the QW for the sample w/o UL (peak around 34 nm in Figure 5(b)).
The density of defects then decreases moving towards the p-side, falling below 10* cm. On the
other hand, the sample w/ UL presents a constant concentration (about 0.5x10° cm™®) of defects
in the QW region and a slightly increment on the right-hand side, toward the UL (not reached by
the SSPC measurements). This indicates that the UL can effectively incorporate defects during
growth, thus impeding the propagation towards the QW region.

It has been shown that defects present at the surface of GaN after the high temperature (HT) buffer
react with In atoms during the growth of In containing alloys and then get incorporated in the layer to
form point defects (PDs) that are efficient NRCs [2]. This incorporation process was modeled
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considering a surface segregation phenomenon [27], [28], where the concentration of PDs, in the it"
monolayer ML, is given by [PD]; = 6;R/ ey, = 6,(R..x — x..,p)/ emr. With 8,the surface defect (SD)
density, Rcan the segregation coefficient of SDs in GaN (0.9991), p the interaction coefficient between
indium and SDs (0.7), ey the thickness of the ML, and x.. the indium concentration. The values of
Rcan and p are coming from Ref. [28]. Thus, after each ML, the SD density is given by 6, = 6,_, —
0_,(R. - X,,,p) - From this model, it is clear that the PD concentration in the QW gradually decreases
in each ML. For both samples, the initial SD density (6,) is the same as they are generated during the
high-temperature growth of the GaN buffer [28], [29]. When an InAIN/GaN SL is introduced, SDs
strongly incorporate since the indium content is high (17%), see Figure 6(a). For the sample without
UL, the incorporation of SD in the GaN spacer is negligible, even at low-temperature. As a
consequence, the SD density before the growth of the QW is very high, similar to that at the end of the
HT GaN buffer, resulting in a high concentration of PDs in the QW after their reaction with In atoms.
In this case, the PD density calculated by the model is 4 x 10> cm~2, which is orders of magnitude
higher than the value obtained with an InAIN/GaN SL (7 x 10* cm™2). A difference can be seen
between the experimental data (Figure 5(b)) and the model. Indeed, the probed area during the
measurement is large (300x300 um?), which may explain the broadening over few nm due to
depth fluctuations. We then convolute the model with a Gaussian of 5 nm to account for the
experimental broadening. Our model qualitatively reproduces the first part of the defect
incorporation in the QW. The presence of traps in the top barrier (xn < 30 nm) could be due to the
surface segregation of In atoms in the GaN barrier, which is not taken into account in the model.

As a final step of this analysis, we applied the method proposed by Armstrong et al. [26] to
determine the net value of concentration of traps in the various regions, with high accuracy. We
started by doing C-V measurements in the dark and under monochromatic illumination (1.95 eV),
to study the effects of only the near midgap-states (1.825 eV), without contributions from the other
levels (that would require higher-energy excitation). After that, we evaluated the difference AV
between the voltage values at the same capacitance in the two conditions of illumination (Figure
7(a)). So, we defined two regions for each sample, QW and over QW for sample w/o UL, and QW
and under QW for sample w/ UL. By solving the equation:

Xd

q [* q
AV=—] xnt(x)dx=—NTJ x dx
e Jo € 0

we were able to find the concentration of traps in the different regions, as reported in Figure 7(b).
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Figure 7 - (a) Left axis: profile of the difference between the voltages at the same capacitance
measured under dark condition and under monochromatic illumination for the sample w/o UL.
Right axis: apparent charge profile in dark condition calculated by C-V measurement used to
establish the position of the QW. The arrows indicate the exact initial and final values of each
physical region and the voltages used in the calculation. (b) Net trap concentration for the two
samples. It is worth noticing that the only region where Nt can be compared for the two
wafers is the QW region (which is the region of interest). In fact, due to the adopted voltage
ranges (selected in order to avoid device breakdown and/or turn-on) and to the differences in
device capacitance, the region above the QW could be probed only in the sample without
underlayer, while the region below the QW could be probed only in the sample with
underlayer. To the authors’ opinion, this is not a limitation, since our interest is to explore the
density of defects in the active region, that can be effectively probed in both wafers.
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1
2

2 As can be seen from Figure 7(b), the concentration of defects in the QW region for the sample w/o
. UL (9.2x10% cm™) is nearly ten times higher than the sample w/ UL (0.8x10'° cm™). This is a
6 clear indication about the effectiveness of the UL in blocking the propagation of defects towards
7 the QWs; these results are also well correlated with the results of I-V and EQE-J characterization,
8 where we ascribed the worse performance of sample w/o UL to the higher defects density.

9

10

11 :

12 Conclusions

12 In conclusion, we presented experimental demonstration that the insertion of the UL in InGaN
15 LEDs can significantly reduce the density of defects in the QW region, and presented information
16 on the properties of the related traps and their profile. From the results of this analysis, we conclude
17 that the InGaN UL blocks further propagation of the defects toward the active region, providing a
18 constant concentration of traps in the explored region; with UL, the density of point defects is an
19 order of magnitude lower than w/o UL. We also proposed a model to account for defect
20 incorporation within the QW and demonstrated a good agreement with the experimental results
;; obtained by optical spectroscopy. Finally, we demonstrated that the defects are mid-gap (Ec-1.8
23 eV for 3.1 eV bandgap) and they act as effective NRCs, causing thereby an important decrease in
24 the LED performance.
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