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ABSTRACT

This proposal investigated the properties of (In)GaAsN/GaAs quantum wells in details.
Thickness dependence of the properties of GaAsN grown on GaAs are investigated by
characterizing GaAsGaAsyesNoois/GaAs Schottky diodes by current-voltage (I-V),
capacitance-voltage (C-V) profiling and deep-level transient spectroscopy (DLTS). I-V
characteristics show a considerable increase in the saturation current when the GaAsN thickness
is increased from 60 to 250 A. As GaAsN thickness is increased further, the 1-V characteristic
deviates from that of a normal Schottky diode with alarge series resistance.

Electrical conduction and defects in thick GaAsN grown on GaAs are also investigated.

A 1.6-um-thick GaAs;xNy (x=0.9%) layer grown on GaAs is found to be highly resistive, which
is attributed to the presence of the E; (0.16 eV) and E; (0.74 eV) traps revealed by DLTS. The
activation energy (capture cross-section) of the E; trap is found to be nearly independent of the N
composition, suggesting that it is a GaAs intrinsic defect and, from its Arrhenius plots, it islikely
an EL2 trap. This result suggests that the growth condition of GaAs incorporated by N atoms
tendsto be As-rich. Similar E; traps but with activation energies of 0.30 and 0.35 eV are observed
in GaAs/GaAsN/GaAs heterostructures with N compositions of 1.2 and 1.8%, respectively. After
comparing with optical emission energies, the increment of the activation energy is attributed to
the conduction-band offset for GaAsN/GaAs. The E; trap is similar to a broad spectrum found in
N-implanted GaAs in a dose of 2x10™ cm™ after annealing at 500°C. Annedling a 700°C can
remove this broad spectrum and simultaneously reduces the lattice expansion; thus, the formation
of the E; trap is attributed to N-induced | attice expansion.

KEYWORDS: GaAsN/GaAs quantum wells, InAs self-assembled quantum dots, strain
relaxation, carrier distribution and emission, deep traps, admittance spectroscopy, deep-level
transient spectroscopy



AE ¥

A LT R-V) S RF-LECV) ) R R R R S 1T R(DLTS) * £
Bl 0 777 GaAdGaAsesNoo1s/GaAs # = &4 2 GaAsN k& $173 e B & 182 58 o IV #
M50 & GaAsN e & j&_60A 3 +c 7| 250A pF > H & {r T ST P RER{ 4 o F AR
AR A BV B RE B ET radlIR .

P s A $ 5 GaASN & & £ 4 GaAs At HE B 2 B P iFay o &
GaAs # 17 £ 1.6um 5 7 GaAs Ny (x=0.9%)p » H T[22 3 < chB2 8T > d DLTS®
F T4k Ko E1(0.166V) frat Ko Ex(0.74eV) iy fo 2% 195 ik K By s 1 at (B 8 5 ) 5 1
fr§ kR &M - JRIE 5 GaAs A FakKa ¥ K Arrhenius B 7 St & far EL2 # 12t
Fanod PEE TR AELEMAY FTFF hie r AST L R A -AcnF 2 E L 12%
5 1.8%: GaAs GaAsN / GaAs & F i ti® » 4 HFIAp it 1B > RAE M A oo &
B4 030 2 0356V o b H kb chgesd it 6 0 (7 AriE 1L R B 4o B A= F]3C GaAsN / GaAs @
A mAs B (offset) o * § 5 B 2X10™ cmPap F gt ST E e & 0 & 500°C iRl s > H
LF T H BT R o 700°C 0T rgp gt R EY PR IS RODE B &
Fa By 97 3§ F120 514 s 08



|.INTRODUCTION

Recently, N-related compounds have attracted considerable attention due to their special
physical properties and promising applications for long-wavelength optoelectronic devices.™”
However, obtaining good-quality GaAsN is difficult, probably due to a large miscibility gap.®®
GaAsN aloys grown a high temperatures are known to easily phase-separate.’®*? It has been
found that a post-growth annealing can improve the optical quality™>** and increase the diffusion
length.2 These studies imply that GaAsN layers grown on GaAs are enriched with defects. In
addition, the lattice mismatch between GaN and GaAs may considerably degrade the quality of
thick GaAsN layers.™ In several publications, GaAsN/GaAs interfacial and deep defects™® have
been reported. In spite of this, very little is known about the detailed properties of the defects and
the way they are influenced by N composition. It is our purpose in this work to characterize
defect properties of GaAsN layers of different N compositions grown on GaAs.

II. RESEARCH PURPOSE

We have investigated the electrical defects in GaAsN layers grown on GaAs. Thick
GaAsN layers grown on GaAs are resistive due to the presence of two traps, E; at 0.16 eV and E;
at 0.74 eV. Two similar traps are observed in GaAs/GaAsN/GaAs samples. This result indicates
that these two traps play a significant role in degrading the electrical quality of a thick GaAsN
layer. The activation energies of these two traps are nearly independent of the N composition.
After comparing these results with the defects in N-implanted GaAs after annealing, the
formation of the E; trap is attributed to N-induced |attice expansion.

IIl. RESEARCH METHODS

Two sets of GaAs;.x«Nx samples consisting of thick GaAsN and GaAs/GaAsN/GaAs
heterojunction (HJ) samples were studied in this work. All samples were grown on n*-GaAs (001)
substrates by low-pressure metalorganic chemical vapor deposition. The thick GaAsN sample
consists of a 0.5- u m-thick n-type GaAs buffer on top of which an undoped 1.6- 1 m-thick
GaAsN layer was grown. In the HJ samples, an undoped GaAsN layer of different thickness and
composition was inserted into atotal 0.6- 4 m-thick Si-doped GaAs layer with a concentration of
6x10™ cm™. In both cases, the GaAsN layers were grown using dimethylhydrazine (DMHY) as a
nitrogen source in combination with triethylgallium and AsHs. The growth temperature was at
550°C. The N composition was determined by photoluminescence (PL) peaks and checked by
double-crystal X-ray diffraction. Pendellosung interference fringes allow us to obtain accurately
the GaAsN thickness. For a thin GaAsN layer that showed no Pendellosung interference fringes,
the thickness was estimated from the growth time. Electrical properties of the HJ samples were
measured on Au Schottky diodes with dot area of 0.0113 cm?® Metal indium was used for an
ohmic contact. Photoluminescence (PL) spectra were measured under the excitation of the
515-nm line from an Ar*-ion laser. An HP4194A gain phase analyzer was used for characterizing
capacitance-voltage (C-V) and capacitance-frequency (C-F) spectra.



V. RESULTS and DISCUSSIONS

A. 1-V characteristics of athick GaAs;«Nx (x=0.9%) layer

Thick GaAs;«xNy layers grown on GaAs are found to be resistive. Figure 1(a) shows
typical ohmic-contact current-voltage (I-V) characteristics for a 1.6- 1 m-thick GaAsN (x=0.9%)
layer on GaAs. This sample, referred to as the “bulk” sample in the following, has a bandgap of
1.27 eV at 300 K from optical transmission measurement. As shown, the current consists of two
distinct regions: alinear low-voltage region and an exponential high-voltage region. This current
behavior is similar to that of an n-i-n structure whose low-voltage current is known to be mainly
thermal activation of carriers. Therefore, the inverse of the slope in the linear region is taken as
the resistance of the GaAsN layer, and the results are shown in Fig. 1(b) as a function of inverse
temperatures. As shown, the 300 K resistance is as high as 6x10° Q. At high temperatures (T>300
K), the temperature dependence of the resistance follows the thermaly activated

expressionRoc T ¥ % exp(E,, /KT), where E_ is the activation energy and k is the Boltzmann

constant. This fitting gives E, = 0.38 eV, assuming a temperature-independent mobility,
implying that the Fermi level in the GaAsN layer is at 0.38 eV below the conduction-band edge.
Deep traps must exist to pin the Fermi level to such a deep depth. Figure 1(b) shows that at
T<300K, the temperature dependence becomes weak. At T~ 140 K, the activation energy is only
about 40 meV. This weak temperature dependence may be due to trap-assisted tunneling. This
result implies that a thick GaAsN layer grown on GaAs is enriched with defects that deplete the
carriers.

B. Deep-level transient spectroscopy (DLTS)

Figure 2 shows the DLTS spectra for the Schottky-contact bulk sample, along with two
GaAs/GaAsN/GaAs HJ samples. For these measurements, the sweeping bias and rate windows
are shown in the figure, with a filling pulse of 1 ms. As shown, the main features in the bulk
sample are two dominant traps around 200 and 400 K, denoted as E; and E,, respectively. These
two traps were not detected in GaAs reference layers, and thus, they are induced by the N
incorporation. The activation energies (capture cross-sections) of the E; and E, traps are
determined to be 0.16 (2.58x10™° cm?) and 0.72 eV (3.65x10"° cm™), respectively. Figure 3
shows that these traps are very weak. This cannot be interpreted as low densities, but can be
accounted for by a difficulty of modulating the resistive GaAsN layer. The presence of these two
traps can account for the high resistance in this sample. The fact that the Fermi level is pinned (at
0.38 eV) between these two traps suggests that both traps contribute to the high resistance.

Similarly, two traps are observed in the two HJ samples, as shown in Fig. 2. In these
samples, the GaAsN thickness is kept at 250 A, but the N compositions are 1.2 and 1.8%,
respectively. The dc sweeping bias is chosen to include the GaAsN layer. The activation energies
(capture cross-sections) of the E; trap are determined to be 0.30 (1.77x10™ cm?) and 0.35 eV
(1.54x10™** cm™®) for the 1.2 and 1.8% samples, respectively. As for the E, trap, the activation
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energies are 0.74 (6.77x10™* cm?) and 0.75 eV (5.38x10™ cm?) for the 1.2 and 1.8% samples,
respectively. Note that in the 1.8% sample, the spectra show an additional weak trap around 300
K whose activation energy (capture cross-section) is determined to be 0.45 eV (6.27x10* cm?).
The origin of this trap is unknown and is probably related to particular growth details; thus, it is
not of interest to us. Figure 3 shows the Arrhenius plots of these traps. In the plots, we have
included the data from C-F spectra measured on these two HJ samples. The C-F spectra are
measured at a dc bias corresponding to the GaAsN layer. Because DLTS and C-F measurements
probe very different temperature ranges, together they can yield rather accurate activation energy.

Let us consider the E, trap first. A similar trap was observed in InGaAsN.'*’ Figure 4
shows that the activation energy (capture cross section) of the E; trap is nearly independent of the
N composition. In terms of its energy position, this trap may give rise to the deep PL band
observed by Buyanova et al.*® at around 0.83 eV in GaAsN/GaAs multiple quantum wells. They
found that the energy of the PL band is independent of N composition. Thisis consistent with our
data. This composition independence suggests that the E; trap is pinned to the GaAs conduction
band. The change in the surrounding atoms around this trap by different N content produces no
appreciable effect on the properties of this trap. This result strongly suggests that the E; trap is a
GaAs intrinsic defect. Judging from its Arrhenius plot, as shown in Fig. 3, it is likely an EL2
defect usually observed in GaAs. Because an Asrich growth condition is known for the
formation of the EL2 trap, this result may suggest that the growth condition of the GaAsN layer
tends to be As-rich due to the N incorporation.

As to the E; trap, we found that its activation energy increases from 0.16 to 0.30 and to
0.35 eV when the N composition isincreased from 0.9 to 1.2 and to 1.8%, respectively. However,
the different activation energies may be related to the different sample structure. For the 0.9 %
bulk sample, it is certain that the activation energy represents the energy position of the trap
relative to the GaAsN conduction band, whereas, for the 1.2 and 1.8% HJ samples, there exists a
conduction-band offset AE; for GaAsN/GaAs and the electrons need to overcome this energy
barrier to emit from the GaAsN layer to the GaAs. Let us estimate the conduction-band offset
from the PL spectra. Figure 4 shows the 10 K GaAsN-related peaks that are at 1.308 and 1.234
eV for 1.2% and 1.8% samples, respectively. These emission energies correspond approximately
to the GaAsN bandgaps since the GaAsN layer (250 A) is so thick that the quantum confinement
is negligible. Although some controversy still remains over type-1 or Il band structure, the band
offset for GaAsN/GaAs is known to be mainly in the conduction band. By using X-ray
photoel ectron spectroscopy, Kitatani et al'®. obtained a change in the conduction (valence)-band
offset with an increasing N content to be -0.175 €V/1%N (-0.019 eV/1%N). Our PL datayield a
similar change of the conduction band offset of -0.123 eV/1%N. Using the relative ratio (~0.9)
between AE. and AE, obtained by Kitatani et al., and from a GaAs bandgap of 1.5 eV at 10 K, the
PL data yield a conduction band offset of 0.173 and 0.239 €V for the 1.2 and 1.8 % samples,
respectively. The increment of 0.066 eV is close to that of 0.05 €V in the activation energies of
the E; trap with increasing the N composition from 1.2 to 1.8%, and thus, the increased activation
energy can be attributed to the increased conduction-band offset. This result suggests that the trap
is pinned to the GaAsN conduction-band edge and the electrons are emitted from the trap to the
GaAs conduction band in the HJ samples. From the bulk sample, the trap lies at 0.16 €V below
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the GaAsN conduction-band edge, after adding the conduction-band offset, the trap is at 0.333
(0.399) eV below the GaAs conduction-band edge which is close to the observed activation
energy of 0.30 (0.35) eV of the E; trap in the 1.2 (1.8)% sample. This consistency leads us to
believe that the E; trap is pinned at 0.16 eV below the GaAsN conduction-band edge and its
energy position is independent of the N composition.

Properties of a defect are expected to ater due to changing the atoms surrounding it.
Because the E; trap isinduced by N incorporation, regardless its origin, the lineshape can be used
to obtain information about the N composition fluctuation often observed in its related alloys.
The N composition fluctuation will cause the fluctuation of atomic arrangements around the trap
due to increased freedom of atomic arrangement, leading to a broadening of DLTS spectra as
demonstrated by Yoshino et al.?° for a defect in InGaAs(P). In both the HJ samples, the E; traps
in Fig. 3 are rather sharp. In particular, no appreciable enhanced broadening is observed from 1.2
to 1.8%. This result suggests no appreciable N composition fluctuation. Thisis supported by their
PL spectra in Fig. 4, which show no long low-energy tail. A GaAsN layer with N composition
fluctuation would have locally various bandgaps, resulting in asymmetric PL spectra with a
long-energy tail.® This result excludes the possibility that the E; trap originates from N
composition disorder. The small linewidth (about 18 meV) of the PL peak also suggests that the
samples are macroscopically uniform.

Due to considerable size difference between N and As atoms, increased incorporation of
N atoms will substantially enhance local strain in the GaAsN layer. Let us examine whether the
traps are related to strain relaxation. The X-ray diffraction patterns show no sign of strain
relaxation for the HJ samples with the GaAsN layer (x=1.8%) up to 590 A. Figure 5(a) shows the
X-ray spectra along (004) diffraction for the HJ samples with different GaAsN thickness. In the
case of 590 A, the peaks at 33.03° and 33.27° are the GaAs and GaAsN peaks, respectively. The
presence of Pendellosung fringes suggests flat GaAsN/GaAs interfaces, supporting a coherently
strained GaAsN layer.! The coherent strain is supported by simulated spectra by dynamic theory.
In the simulation, the Poisson ratios were taken to be 0.312 and 0.333 for GaAs and GaN,
respectively, and the lattice constant of GaAsN was obtained from Vegard’s law by using lattice
constants of 5.653 and 4.526 A for GaAs and GaN. As shown in Fig. 5(b), the experimental
spectra of the 590-A sample agree with the simulated spectra assuming coherent strain. This result
indicates that these two traps are not induced by strain relaxation.
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Fig. 1 (@) I-V characteristics of a 1.6- u m-thick GaAs;«Ny (Xx=0.9%) layer grown on GaAs,
exhibiting an Ohm’s Law region at a voltage below 0.6 V with a room-temperature resistance of
6x10° Q. (b) The corresponding resistance as a function of reverse temperatures obtained from
the Ohm’s region.
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Fig. 2 DLTS spectra for the thick (x=0.9%) sample and two 250-A GaAs/GaAs;..N,/GaAs HJ
samples of x=1.2% and 1.8%. In each case, the main features of the spectra are two peaks around
200 and 400 K, denoted as E; and E,, respectively.
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Fig. 3 Arrhenius plots of the E; and E, traps in Fig. 2, dong with the time constants obtained
from the C-F spectra for the two 250-A HJ samples. Also included is an EL 2 trap for comparison.
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Fig. 4 10-K PL spectra for the two 250-A HJ samples of x=1.2% and 1.8%. GaAsN-related peaks
at 1.308 and 1.234 eV can be seen for the 1.2% and 1.8% samples, respectively.
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Fig. 5 (a) X-ray spectra along (004) diffraction for the GaAs/GaA sp.9s2No.018/GaAs HJ samples
with different GaAsN thickness. The peaks at 33.03° are the GaAs peaks. Pendellosung
interference fringes can be seen in the 295 and 590-A samples. (b) Comparison between the
experimental and simulated spectra for the 590-A sample assuming coherent strain.

The effect of thickness of the current conduction and carrier distribution of GaAsN on GaAs
is aso investigated and the results are published in Japanese Journal of Applied Physics, Vol. 44,
No. 10, pp. 7507-7511, 2005. This paper is coped in the following:
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Thickness dependence of the properties of GaAsN grown on GaAs was investigated by characterizing GaAs/GaAsgogNoos/
GaAs Schottky diodes by current—voltage (/-V), capacitance—voltage (C-V) profiling and deep-level transient spectroscopy
(DLTS). I-V characteristics show a considerable increase in the saturation current when the GaAsN thickness is increased
from 60 to 250 A. As GaAsN thickness is increased further, the /-V characteristic deviates from that of a normal Schottky
diode with a large series resistance. These /-V characteristics correlate well with carrier distribution. In thick GaAsN samples,
C-V profiling shows carrier depletion in the top GaAs layer and frequency-dispersion accumulation in the GaAsN layer.
DLTS spectra show that the carrier depletion in the top GaAs layer is due to an EL2 trap and the frequency-dispersion
accumulation is due to the removal of electrons from a trap at 0.35eV in the GaAsN layer. Increasing the GaAsN thickness
markedly increases the magnitude of both traps. The large series resistance in thick GaAsN samples is due to EL2 that

markedly depletes the top GaAs layer.
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1. Introduction

GaAsN alloys have attracted considerable attention due to
their unique physical properties and promising applications
in long-wavelength optoclectronic devices.!™ A strong
electron confinement induced by band gap reduction®”
upon N incorporation into GaAs has motivated research on
this material. However, obtaining a high-quality GaAsN
alloy is difficult due to N composition fluctuation,®? phase
separation.'™V low growth temperature and impurity incor-
poration. Layer quality deteriorates when GaAsN thickness
or N content is increased.™'? It is well known that the
optical quality of as-grown GaAsN alloys is poor but that it
can be considerably improved by post growth anneal-
ing.%1* These studies imply that defects play a significant
role in this material. However, very little is known about the
properties of the defects'™'® and their effects. Therefore, in
this work, we investigated the thickness dependence of the
propertics of GaAsN layers grown on GaAs by current—
voltage (I-V), capacitance—voltage (C-V) profiling, and
deep-level transient spectroscopy (DLTS). Carrier distribu-
tion and defect traps were analyzed at different GaAsN
thicknesses. Two defect traps at 0.35 and 0.75¢V were
found to govern carrier distribution. Strain and optical
propertics were characterized by  double-crystal X-ray
diffraction (DC-XRD) and photoluminescence (PL) for
comparison.

2. Experimental

GaAs/GaAspogaNoors/GaAs samples were grown on nt-

GaAs(001) substrates by low-pressure metalorganic chemi-
cal vapor deposition (LP-MOCVD). The top GaAs layer was
grown in order to move the depletion-region edge across the
GaAsN layer by the application of reverse voltage. Dime-
thylhydrazine (DMHY) was used as a nitrogen source in
combination with tricthylgallium and AsHj; for growing the
GaAsN layers. The GaAsN layer, about 0.3um from the
surface, was sandwiched between two Si-doped GaAs layers
with a concentration of ~6 x 10'®cm™. The whole struc-
ture was grown at 550°C. The N composition is determined

from the PL peak and confirmed by DC-XRD. Pendellosung
interference fringes observed for 295- and 590-A samples
determined GaAsN thickness. Thickness thinner than 295 A
was estimated from the growth time. For electrical charac-
terizations, the samples were fabricated as Schottky diodes
by evaporating Au with a dot diameter of 1500pum. A
HP4194 gain phase analyzer was used for characterizing
C-V and capacitance—frequency (C-F) spectra.

3. Measurement and Results

3.1 I-V characterization

Figure 1(a) shows the effect of GaAsN thickness on 300-
K forward-bias /-V characteristics for the GaAsN thick-
nesses of 60, 250, 295, and 590 A. Except for the 590-A
sample, reasonably good rectified curves with ideal factors
in the range from 1.06 to 1.4 were obtained. Let us compare

= .
: ..’_.-" (a)'!
- 1
= B0A !
+  250A

o 2054 1

—+—590A o

1
0.6

(b)

+ BOA ]

. 250f‘~\.J

o 295A

o 590A |

|-F'."-"'."'. .:“. h

Fig. 1. (a) Forward-bias I-V curves at 300 K for GaAsN /GaAs Schottky
diodes with different GaAsN thicknesses. The data show a degradation as
the GaAsN thickness is increased. (b) Corresponding reverse-bias [-V
characteristics at 300 K. The leakage current can be observed w increase
with increasing GaAsN thickness from 60 w 295 A.
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their saturation current by extrapolating current to zero
voltage. An increase in the saturation current from 107!2 to
107" and to 3 x 107 A can be observed as the GaAsN
thickness is increased from 60 to 250 A and to 295A,
indicating a considerably degraded GaAsN layer. Leakage
current can result from generation recombination, field
emission or tunneling. Field emission or tunneling can take
place if the depletion width is sufficiently small. As will be
shown later, as GaAsN thickness is increased, the GaAsN
layer becomes enriched with defects that cause carrier
depletion. Thus, we exclude the possibility of field emission
or tunneling, considering only the generation recombination
current for the leakage current. Figure 1(a) shows a gradual
increase in defect densities as GaAsN thickness is increased.
Defects in the top GaAs layer also contribute a considerably
part to the leakage current. When the GaAsN thickness is
increased to 250-A, carrier depletion was found to extend to
the top GaAs layer, suggesting the presence of deep defects
in the top GaAs layer. Figure 1(a) shows that the -V curve
of the 590-A sample deviates from that of a normal Schottky
diode. The pronounced broad shoulder at voltages lower
than 0.3V reflects the effect of significant defects. The
current bending at large voltages in this sample indicates the
presence of a large series resistance, which is attributed to a
drastic carrier depletion in the top GaAs layer.

Figure 1(b) shows the corresponding reverse-bias -V
characteristics at 300 K. Leakage current can be observed to
increase with increasing GaAsN thickness from 60 to 295 A.
For example, the leakage current at —4V increased from
4% 107 A for 60 A, to 1077 A for 250 A, and to 8 x 1077 A
for 295 A. This trend is consistent with that of saturation
current found in forward-bias [-V characteristics. However,
when the GaAsN thickness was further increased to S90A,
the leakage current slightly decreased to 4 x 1077 A. This
reduction in current can be explained by the suppression of
the large seriecs resistance observed in the forward-bias
current of this sample. It is interesting to note that the 60 A
sample displays an abrupt current jump at —4.4 V. A similar
current jump was observed in a sample with a 40-A-thick
GaAsN layer. By comparison with their C-V curves, the
voltages at which current jumps correspond to the location
of the GaAsN layers. Significant amounts of carriers are
confined in the GaAsN layer; and thus, it is conjectured that
the current jump is due to the confined carriers that are swept
out of the GaAsN region when dc voltage shifts the Fermi
level well below the energy level of the GaAsN layer.

3.2 C-V profiling

Detailed apparent-concentration profiles are shown in
Fig. 2 for 60-, 250- and 295- and 590-A samples converted
from C-V spectra with the voltage sweep from 0 to —6 'V for
the 60-A sample and 0 to —3V for the other three samples.
The distribution of the depleted layer can be understood
from this figure. In the 60-A sample, the carrier accumu-
lation peak is visible in the GaAsN region. An increase in
magnitude is observed with decreasing temperature, which is
characteristic of a Debye-length effect in a quantum-well
structure. No suppression in the magnitude can be observed
up to 1 MHz at 80K, indicating a very rapid electron
emission from the GaAsN quantum state, the presence of
which is also indicated in PL spectra at 10K that show a
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Fig. 2. Concentration profiles for 60-, 250-, 295- and 590-A GaAsN/
GaAs samples. A [requency-independent accumulation peak in the
GaAsN region is observed for the 60-A sample. Carrier depletion in the
top GaAs layer and a frequency-dispersion accumulation peak in the
GaAsN region are observed in 250-, 205- and 590-A samples. The
depletion in the top GaAs layer is increased as GaAsN thickness is
increased.

GaAsN-related peak at 1.308e¢V. However, when the
GaAsN thickness is increased to 250 A, the concentration
profiles are not symmetric with a lower background
concentration in the top GaAs layer, indicating carrier
depletion in the top GaAs layer. In the next section, DLTS
spectra show the presence of a deep trap at 0.75 eV in the top
GaAs layer. An accumulation peak (0.37 pm) appears for the
GaAsN layer at a low frequency and a high temperature as
shown in Fig. 2, illustrating the presence of the peak at
290 K and 500 Hz; which is absent at 200 K and 5 x 10° Hz.
This long emission time is characteristic of defect traps and
the peak corresponds to the emptying of electrons from the
traps. The narrowness of this peak suggests the confinement
of the traps in the GaAsN layer or at the interface. Emission
time can be obtained from the C—F spectra shown in Fig. 3,
in which capacitance dispersion over frequency can be
noted. The additional capacitance in the low-frequency limit
arises from electron emission from the traps. The emission
times, taken from the inverse inflection frequency at which
capacitance drops from high to low plateaus, are shown in
the Arrhenius plots as solid squares (indicated by admit-
tance) in Fig. 4. The activation energy (capture cross
section) was determined to be 0.34¢V (1.24 x 10714 cmz).
These results show that as GaAsN thickness is increased,
defect traps at 0.75 and 0.34¢V are formed in the top GaAs
and GaAsN layers, respectively. When the GaAsN thickness
is further increased to 295 and 590 A, the depletion in the top
GaAs layer becomes even worse and no peaks can be
observed in the GaAsN layer even at a very low available
frequency. Instead, a peak appears at approximately 0.43—
0.45um, which is in the bottom GaAs layer. This peak
cannot be explained by electron accumulation at that depth.
It is believed to originate from the expulsion of trapped
electrons from deep traps as de voltage shifts the Fermi level
to well below the trap levels. In the 590-A sample, the
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Fig. 3. C-F spectra of 250-A sample at bias of —0.8 V corresponding to
GaAsN layer. Capacitance dispersion indicates the presence of a trap at
0.35eV in the GaAsN layer. This capacitance dispersion is due tw the E,
trap shown in Fig. 5.
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Fig. 4. Arrhenius plots from time constants observed in C—F and DLTS
spectra. The solid squares indicating admittance are obtained from the C—
F spectra shown in Fig. 3. Other data labeled E,, Ey, and E; are obtained
from the DLTS spectra of the 250-A sample shown in Fig. 5. The data for
EL2 are included for comparison.

background concentration in the top GaAs layer shows a
considerable temperature dependence due to a strong impact
of deep traps. This marked carrier depletion correlates well
with deviated [-V characteristics with a very large series
resistance. This result indicates that the top GaAs layer is
markedly degraded after the growth of a thick GaAsN layer
while the bottom GaAs layer is not much affected, as evident
from its normal background concentration,

3.3 DLTS spectra

To identify the traps, DLTS spectra of each sample were
measured. No DLTS signals were detected in the 40-A
sample. A very weak signal at approximately 200 K was
detected in the 60-A sample. However, this signal was too
weak to obtain its activation energy. However, three traps in
the 250-A sample, labeled E,, Ey and E; are clearly visible
in Fig. 5(a) for a region including the top GaAs and GaAsN
layers. By changing sweeping bias, we can determine their
spatial locations. Figures 5(b) and 5(c) show the spectra for
the bottom GaAs and the top GaAs layers, respectively. As

Fig. 5. DLTS spectra of 250-A sample for (a) region including top GaAs
and GaAsN layers, (b) and bottom GaAs and (¢) op GaAs layers. These
figures show that the E, and E, traps are in the GaAsN layer and the E;
trap is predominantly in the top GaAs layer.

shown in this figure, the bottom GaAs layer is nearly free of
traps (except very weak E;). In contrast, the top GaAs layer
is enriched with £ trap. Note that the concentration of E is
very high in the top GaAs layer. This result indicates that the
E, and Ey traps are in the GaAsN region but the E; trap is
mainly in the top GaAs layer. This trap distribution
correlates well with carrier depletion, allowing us to identify
that the E. trap depletes the top GaAs layer. The Arrhenius
plots for these traps are shown in Fig. 4. These plots show
that the E; trap gives rise to electron emission from the
GaAsN layer observed in the C—F spectra shown in Fig. 3,
as evidenced by a straight line connecting both the time
constants together. Since the DLTS and C—F measurements
(admittance) probe rather different temperature ranges, the
activation energy (capture cross section) of the E, trap can
be obtained accurately to be 0.35eV (1.54 x 10~ em—2).
This trap depletes electrons in the GaAsN layer. As for the
other two traps Ey, and E., their activation energies (capture
cross sections) were determined to be 0.45 (6.27 x 1071
em?) and 0.75¢V (5.38 x 10~'* cm?), respectively. There-
fore, it is the trap at 0.75 ¢V that depletes the top GaAs layer.
This can be further confirmed by the DLTS spectra of the
295-A sample for the top GaAs layer as shown in Fig. 6. A
dominant trap at about 400 K can be observed, which was
identified to be the trap at 0.75eV. A detail inspection of the
spectra reveals a very weak signal at about 200 K (shown in
the inset), whose intensity is too small to obtain a reliable
activation energy; but determining on the basis of temper-
ature, it is likely to be the 0.35 eV trap. Note that the trap £},
is absent; thus, it 1s related to particular growth details,
which is beyond the scope of this study. These DLTS results
together with C-V profiling clearly show that the trap at
0.75 eV depletes the top GaAs layer and the trap at 0.35¢V
depletes the GaAsN layer. Both traps are formed when the
GaAsN thickness is increased.

Consider the trap at 0.35¢V that is found in the GaAsN
layer. Krispin et al.™ observed a similar trap. which they
attributed to an interfacial defect. Polyakov er al.'” also
observed a similar trap in MBE-grown GaAsN/GaAs.
Therefore, this trap is not related to any particular growth
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Fig. 6. DLTS spectra of 295-A sample for top GaAs layer. The
predominant trap at about 400K is the E. trap and the weak trap is the
E, trap (inset).

l_590A ]

r 1
R ‘
A ) !
27 !
2 | ‘
§ 1 3
] Simu. |

3 1
325 330 335

6 (degree)

Fig. 7. X-ray spectra along (004) diffraction for 590-A sample. The peaks
at 33.03° and 33.27° correspond to the GaAs and the GaAsN layers,
respectively. Also shown are the simulated spectra obtained on the basis
of the dynamic theory assuming a coherent strain.

conditions. In terms of its activation energy, this trap is
similar to EL6'™ observed in GaAs. The observation that it
is formed in thick GaAsN layers grown on GaAs suggests
strain relaxation as its origin, However, the XRD patterns
show no signs of strain relaxation for the GaAsN layer up to
590 A. Figure 7 shows the DC-XRD spectra along (004)
diffraction for the 590-A sample. The peaks at 33.03 and
33.27° correspond to the GaAs and GaAsN layers, respec-
tively. Pendellosung interference fringes can be clearly
observed, which allow us to accurately determine GaAsN
thickness. The presence of these fringes reflects flat GaAsN/
GaAs interfaces and suggests a coherent strain.'” Let us
compare the experimental spectra to simulated spectra on the
basis of the dynamic theory assuming a coherent strain.
During the simulation, the Poisson ratios were taken to be
0.312 and 0.333 for GaAs and GaN, respectively. The lattice
constant of GaAsN was obtained from Vegard's law using
the lattice constants of 5.653 and 4.526 A for GaAs and
GaN, respectively. As shown in Fig. 7, the experimental
spectra agree with the simulated spectra assuming a coherent
strain. Therefore, we rule out relaxation as the origin of the
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trap at 0.35¢V. The exact origin of this trap is not known. As
for the trap at 0.75¢V, since it was found mainly in the top
GaAs layer, it is not due to N impurity; thus, it is likely to be
a GaAs intrinsic defect. Judging from its Ahhrenius plot
shown in Fig. 4, it is similar to EL2 observed in GaAs. EL2-
like defects were proposed to cause the semi-insulating
property in low-temperature (LT)-grown GaAs after anneal-
ing.”” This is consistent with the acceptor-like nature of this
trap. The interaction between arsenic antisites (Asg,) and Ga
vacancices (Vg ) has been proposed to be EL2-like > Yu et
al.?" observed an PL emission at 0.8 ¢V in LT-grown GaAs
and assigned As;—Vg, for the emission. Irvine and Palmer??
observed EL2 in InGaAs grown on GaAs and attributed this
to an interaction of Vg, with misfit dislocations. Despite
different assignments, an As-rich growth condition

commonly accepted for the formation of this trap,
suggesting that the growth condition of the top GaAs layer
tends to be As-rich. Since the GaAsN layer is not relaxed,
the neighboring top GaAs layer is subjected to a consid-

is
1)

erable compressive strain. Therefore, we speculate that the
As-rich growth condition may be related to this compressive
strain. This is consistent with the observation of the EL2?2
trap in InGaAs grown on GaAs, in which the InGaAs layer is
subjected to compressive strain, and with the absence of the
EL2 trap in relaxed GaAs grown on InGaAs,™ in which the
GaAs layer is subjected to tensile strain. The relief of the
compressive strain can be realized by removing atoms from
their lattice sites,?”’ which may favor the formation of Vg, or
As;, resulting in Asg, commonly believed to be a defect
related to EL2. The detailed mechanism is not known at this
point. Further efforts are required in order to make a more
conclusive argument.

4. Conclusion

The properties of GaAsN layers of variously thicknesses
grown on GaAs were investigated. When GaAsN thickness
is increased, C-V profiling shows carrier depletion in the top
GaAs layer and a frequency-dispersion accumulation peak in
the GaAsN region. DLTS spectra reveal two traps at 0.35
and (.75 eV. The trap at 0.75 ¢V depletes the top GaAs layer
and the trap at 0.35¢V depletes the GaAsN layer. The very
long emission time for the accumulation peak in the GaAsN
region is due to the emptying of electrons from the trap at
0.35eV. Judging from its Arrhenius plots, the trap at 0.75 ¢V
is EL2-like, suggesting that the growth of the top GaAs layer
tends to be As-rich; probably as a result of compressive
strain. The formation of these two traps can account for the
gradation of /-V characteristics,
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VI. SELF EVALUATION

In this proposal, we have investigated the electrical defects in GaAsN layers grown on
GaAs. Thick GaAsN layers grown on GaAs are resistive due to the presence of two traps, E; at
0.16 eV and E; at 0.74 eV. This result indicates that these two traps play a significant role in
degrading the electrical quality of a thick GaAsN layer. We also investigated the properties of
GaAsN layers of variously thicknesses grown on GaAs. We show that when GaAsN thicknessis
increased, C-V profiling shows carrier depletion in the top GaAs layer and a frequency-dispersion
accumulation peak in the GaAsN region. DLTS spectra revea two traps at 0.35 and 0.75 eV.
Thetrap at 0.75 eV depletes the top GaAs layer and the trap at 0.35 eV depletes the GaAsN layer.
The very long emission time for the accumulation peak in the GaAsN region is due to the
emptying of electrons from the trap at 0.35 €V. Judging from its Arrhenius plots, the trap at 0.75
eV is EL2-like, suggesting that the growth of the top GaAs layer tends to be As-rich; probably as
aresult of compressive strain. The formation of these two traps can account for the gradation of
I-V characteristics. We have achieved about 90 % of the works we planed to study in this
proposal. This work is very helpful understanding the physical properties of N-related alloys and
isimportant for applications in long-wavel ength optoel ectronic devices.
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