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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 GaAs/GaAs0.982N0.018/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 Å. As GaAsN thickness is increased further, the I-V characteristic
deviates from that of a normal Schottky diode with a large series resistance.

Electrical conduction and defects in thick GaAsN grown on GaAs are also investigated.
A 1.6-μm-thick GaAs1-xNx (x=0.9%) layer grown on GaAs is found to be highly resistive, which
is attributed to the presence of the E1 (0.16 eV) and E2 (0.74 eV) traps revealed by DLTS. The
activation energy (capture cross-section) of the E2 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 is likely
an EL2 trap. This result suggests that the growth condition of GaAs incorporated by N atoms
tends to be As-rich. Similar E1 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 E1 trap is similar to a broad spectrum found in
N-implanted GaAs in a dose of 2x1015 cm-2 after annealing at 500oC. Annealing at 700oC can
remove this broad spectrum and simultaneously reduces the lattice expansion; thus, the formation
of the E1 trap is attributed to N-induced lattice 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
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中文摘要

我們藉由電流-電壓(I-V)、電容-電壓(C-V)，以及深層能階暫態頻譜分析儀(DLTS) 等量

測，研究 GaAs/GaAs0.982N0.018/GaAs 蕭基二極體其 GaAsN 層對不同厚度的影響。從 I-V 特

性上可看出，當 GaAsN 的厚度從 60Å 增加到 250Å 時，其飽和電流隨之明顯增加。若厚度

繼續增加，其 I-V 特性將伴隨大串聯電阻的出現。

同時，我們也對厚 GaAsN 層成長在 GaAs 基板上其電傳導性及缺陷特性進行研究。在

GaAs 基板成長 1.6μm厚的 GaAs1-xNx(x=0.9%)時，其電阻及劇增大的影響下，由 DLTS 可

看到缺陷 E1(0.16eV)和缺陷 E2(0.74eV)的存在。我們發現缺陷 E2 的活化能(捕獲截面積)幾乎

和氮的濃度無關，推測其為 GaAs 的本質缺陷，且從 Arrhenius 圖得知此缺陷與 EL2 缺陷非

常相像，由此結果可推知，在磊晶過程中隨著氮的加入，As 容易聚在一起。在氮含量為 1.2%
及 1.8%的 GaAs/ GaAsN / GaAs 異質結構中，也找到相似的缺陷 E1，只是活化能不同，分

別為 0.30 及 0.35eV。比較其光性的激發能後，得知活化能增加是起因於 GaAsN / GaAs 傳
導帶偏移量(offset)。用氮含量 2x1015 cm-2 離子佈植法所長的樣品，在500̊C熱退火後，其

光譜很寬與缺陷 E1 雷同。700̊C熱退火可以消除此寬光譜且同時降低晶格膨脹；因此，缺

陷 E1 的形成歸因於氮引起的晶格膨脹。
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I. INTRODUCTION
Recently, N-related compounds have attracted considerable attention due to their special

physical properties and promising applications for long-wavelength optoelectronic devices.1-7

However, obtaining good-quality GaAsN is difficult, probably due to a large miscibility gap.8,9

GaAsN alloys grown at high temperatures are known to easily phase-separate.10-12 It has been
found that a post-growth annealing can improve the optical quality13,14 and increase the diffusion
length.8 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.12 In several publications, GaAsN/GaAs interfacial and deep defects15,16 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, E1 at 0.16 eV and E2

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 E1 trap is attributed to N-induced lattice expansion.

III. RESEARCH METHODS
Two sets of GaAs1-xNx 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-m-thick n-type GaAs buffer on top of which an undoped 1.6-m-thick

GaAsN layer was grown. In the HJ samples, an undoped GaAsN layer of different thickness and
composition was inserted into a total 0.6-m-thick Si-doped GaAs layer with a concentration of

6x1016 cm-3. In both cases, the GaAsN layers were grown using dimethylhydrazine (DMHY) as a
nitrogen source in combination with triethylgallium and AsH3. The growth temperature was at
550oC. 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 cm2. 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.
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IV. RESULTS and DISCUSSIONS

A. I-V characteristics of a thick GaAs1-xNx (x=0.9%) layer
Thick GaAs1-xNx 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-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: a linear 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 6x105 Ω. At high temperatures (T>300 
K), the temperature dependence of the resistance follows the thermally activated

expression )/exp(2/3 kTETR ac
 , where acE is the activation energy and k is the Boltzmann

constant. This fitting gives acE = 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 E1 and E2, 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 E1 and E2 traps are
determined to be 0.16 (2.58x10-19 cm2) and 0.72 eV (3.65x10-15 cm-2), 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 Å, 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 E1 trap are determined to be 0.30 (1.77x10-15 cm2) and 0.35 eV
(1.54x10-14 cm-2) for the 1.2 and 1.8% samples, respectively. As for the E2 trap, the activation
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energies are 0.74 (6.77x10-14 cm2) and 0.75 eV (5.38x10-14 cm2) 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 (6.27x10-15 cm2).
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 E2 trap first. A similar trap was observed in InGaAsN.16,17 Figure 4
shows that the activation energy (capture cross section) of the E2 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.18 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. This is consistent with our
data. This composition independence suggests that the E2 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 E2 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 As-rich 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 E1 trap, we found that its activation energy increases from 0.16 to 0.30 and to
0.35 eV when the N composition is increased 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 ΔEc 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 Å) is so thick that the quantum confinement
is negligible. Although some controversy still remains over type-I or II band structure, the band
offset for GaAsN/GaAs is known to be mainly in the conduction band. By using X-ray
photoelectron spectroscopy, Kitatani et al19. obtained a change in the conduction (valence)-band
offset with an increasing N content to be -0.175 eV/1%N (-0.019 eV/1%N). Our PL data yield a
similar change of the conduction band offset of -0.123 eV/1%N. Using the relative ratio (~0.9)
between ΔEc and ΔEv 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 eV for the 1.2 and 1.8 % samples,
respectively. The increment of 0.066 eV is close to that of 0.05 eV in the activation energies of
the E1 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 eV 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 E1 trap in the 1.2 (1.8)% sample. This consistency leads us to
believe that the E1 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 alter due to changing the atoms surrounding it.
Because the E1 trap is induced 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.20 for a defect in InGaAs(P). In both the HJ samples, the E1 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. This is 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.18 This result excludes the possibility that the E1 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 Å. Figure 5(a) shows the
X-ray spectra along (004) diffraction for the HJ samples with different GaAsN thickness. In the
case of 590 Å, the peaks at 33.03o and 33.27o are the GaAs and GaAsN peaks, respectively. The
presence of Pendellosung fringes suggests flat GaAsN/GaAs interfaces, supporting a coherently
strained GaAsN layer.21 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 Å for GaAs and GaN. As shown in Fig. 5(b), the experimental
spectra of the 590-Å 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 (a) I-V characteristics of a 1.6-m-thick GaAs1-xNx (x=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
6x105 Ω. (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-Å GaAs/GaAs1-xNx/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 E1 and E2, respectively.
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Fig. 4 10-K PL spectra for the two 250-Å 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/GaAs0.982N0.018/GaAs HJ samples
with different GaAsN thickness. The peaks at 33.03o are the GaAs peaks. Pendellosung
interference fringes can be seen in the 295 and 590-Å samples. (b) Comparison between the
experimental and simulated spectra for the 590-Å sample assuming coherent strain.

The effect of thickness of the current conduction and carrier distribution of GaAsN on GaAs
is also 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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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, E1 at
0.16 eV and E2 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 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 0.75 eV.
The trap 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 eV. 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
a result 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
is important for applications in long-wavelength optoelectronic devices.


