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Structural properties of lattice-matched InGaPN on GaAs (001) have comprehensively inves-
tigated by high resolution X-ray diffraction (HRXRD), Raman spectroscopy, and atomic force
microscopy (AFM). The InGaPN layers were grown by metal organics vapor phase epitazy
(MOVPE). To obtain the lattice-matched InGaPN on GaAs, flow rates of trimethylindium
(TMIn), trimethylgallium (TMGa) were kept, respectively, at 14.7 and 8.6 pmol/min. On the
other hand, the N content optimized by varying the flow rate of dimethyhydrazine (DMHy,
N precursor) was controlled at 300 pmol/min. With a combination of HRXRD and Raman
scattering measurements, the In and N contents are estimated to be 55.8 and 0.9 at%, re-
spectively. The lattice-mismatch lower than 0.47%, which corresponds to the lattice-matching
condition, was confirmed for all the layers. The rapid thermal annealing (RTA) process was
performed to improvement the crystalline quality of InGaPN layers. The annealing tempera-
ture was fized at 650° C, which is an optimum growth temperature of a GaAs buffer layer. The
annealing time was varied in a range of 30 to 180 s to verify a composition uniformity. With
increasing the annealing time up to 120 s, the In and N contents were slightly increased. The
AFM-root mean square (RMS) roughness of the InGaPN surface was observed to be re-
duced. For higher annealing times, the N content was dramatically reduced, whereas the In
content was still remained. Moreover, the RMS roughness was observed to be increased. RTA
at 650°C for 120 s demonstrated a significant improvement of structural properties of the
lattice-matched InGaPN layers on GaAs (001).

Keywords: InGaPN, RTA, HRXRD, MOVPE, Raman scattering.

1. Introduction the bandgap with a small amount of the N incorpo-
ration [4, 5|. On the other hand, these tunable prop-
erties, both the lattice constant and bandgap, make
InGaPN to be suitable in many applications such as a

multi-junction solar cells [1, 2], light emitting diodes

InGaPN is an interesting dilute nitride due to the
tunable structural and optical properties. Its lattice
constant can be lattice-matched to various substrates
such as GaAs [1, 2] and GaP [3, 4], by adjusting

the indium (In) and nitrogen (N) contents. A huge
bowing parameter, which is a characteristic of the
dilute ITI-V-nitrides, can cause a large reduction of
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(LEDs) [1, 6, 7], lasers, and heterojunction bipolar
transistors [1, 2.

For the ternary and quaternary dilute nitride semi-
conductors, it is known that the structural proper-
ties can be greatly improved by the rapid thermal
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annealing (RTA) at temperatures higher than the
growth temperature [5—7|. In this work, to verify
the structural properties of InGaPN layers grown on
GaAs (001), the as-grown layer and annealed layers
are investigated by high-resolution X-ray diffraction
(HRXRD), Raman spectroscopy, and atomic force
microscopy (AFM). The structural properties such as
the lattice-mismatch, alloy composition, strain, and
surface roughness are addressed to demonstrate the
RTA-induced improvement of the crystalline quality
of InGaPN layers.

2. Experimental Details

InGaPN layers were grown on GaAs (001) substrates
by metalorganic vapor phase epitaxy (MOVPE). Tri-
methylgallium (TMGa), trimethylindium (TMIn),
tertiarybutylphosphine (TBP), tertiarybutylasine
(TBAs), and dimethylhydrazine (DMHy) were
used as precursors of Ga, In, P, As, and N, res-
pectively. The pressure and total flow rate were,
respectively, kept at 60 Torr and 2000 sccm during
the growth. Before the InGaPN growth, the GaAs
substrate was thermally cleaned at 650 °C in the
TBAs atmosphere for 15 min. A 100-nm-thick GaAs
buffer layer was grown at 650 °C for 10 min. The
growth temperature and growth time of InGaPN
were 520 °C and 10 min, respectively. To obtain the
[TMIn]/([TMIn] + [TMGal]) mole fraction of 0.63,
the flow rates of TMIn and TMGa were, respectively,
kept at 14.7 and 8.6 pmol/min for all the layers. We
note that the [TMIn]/([TMIn] + [TMGa]) mole
fraction of 0.63 is expected to make the compressive
strain in the InGaPN grown layer. The N content
was controlled by the DMHy flow rate taken to
be 300 pmol/min. To improve the layer quality,
the post-growth rapid thermal annealing (RTA)
treatments were performed with various annealing
times. The samples were cut into the four small
parts. The annealing temperatures was kept at
650 °C, which is an optimum growth temperature of
a GaAs buffer layer, with a halogen lamp in the Ny
ambient. The annealing time was 30, 60, 120, and
180 s. Moreover, during RTA, the GaAs wafer was
used to cover the InGaPN surface to prevent any
desorption of the group-V elements. All the grown
layers were morphologically characterized by AFM
to obtain the surface feature and root mean square
(RMS) roughness. The Raman scattering measure-
ment was performed to verify the In content. The

ISSN 0372-400X. Yxp. ¢is. orcypn. 2018. T. 63, Ne 3

InGaPN/GaA
DMHy = 300 umol/min |

180s |

Raman Intensity (a.u.)

As grown -

350 400 450

Raman shift (cm”)

e 1
300 500

Fig. 1. Raman spectra of the InGaPN alloy films with a

DMHy flow rate of 300 pmol/min.

times were applied to as-grown layer and those annealed at 30,
60, 120, and 180 s at the annealing temperature 650 °C

The different annealing

514.5-nm line of an Art laser with excitation spot
of about 2 pum was used as a Raman excitation
source. Based on HRXRD measurements, both a
symmetric (004) 26,/w-scan and an asymmetric (115)
reciprocal space maps (RSMs) were constructed
to investigate both normal (a1 ) and in-plane (a)
lattice parameters. With a combination of Raman
scattering and HRXRD measurements [§], an alloy
composition and a lattice-mismatch in InGaPN on
GaAs (001) were examined as a function of the
annealing time.

3. Results and Discussion

Figure 1 illustrates the Raman spectra of an as-
grown InGaPN layer on GaAs (001) substrates as
well as the layers annealed with different annealing
times: 30, 60, 120, and 180 s. The Raman spectra
consist of three features located at wave numbers
of 380, 360, and 330 cm ™', which are attributed to
GaP-like LO, InP-like LO, and InP-like TO phonon
modes, respectively. These three peaks are observed
for all the InGaPN layers. Similar spectra for as-
grown and post-growth rapid thermal annealed lay-
ers were observed. The peak position of the GaP-Like
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Relaxed lattice constant (ao), lattice-mismatches and In content determined
by micro-Raman spectroscopy, and N content calculated for the DMHy flow rate of 300 pmol/min

Annealing time, s GaP-LO, cm™! an, A° ap, A° ap, A° Lattice mismatched, % In, % N, %
0 378.7+£0.5 5.70 5.66 5.68 0.47 55.8+0.8 0.9+0.4
30 378.4+0.5 5.69 5.67 5.68 0.41 56.2+0.8 0.9+0.4
60 377.2+£0.6 5.70 5.65 5.68 0.39 58.2+0.8 2.0+£04
120 377.2+0.6 5.69 5.65 5.67 0.33 58.2+0.8 24+04
180 377.0+£0.6 5.70 5.67 5.68 0.54 58.5+0.8 1.2+04
§ A S B 1 ) : : _
DMEHs = 300 polimin, Gas Here, .(A(AJGap_hkeLo> is a difference between the fre
LRTA (650 °C) (004) quencies of the GaP-like LO phonon mode taken
InGaPN

(004)

X-ray intensity (arb. units)

il I
64.8 65.2 65.6
26/m (deg.)
Fig. 2. HRXRD (004) 20/w curves of InGaPN alloy films
grown on GaAs (001) substrates with the DMHy flow rate of
300 pmol/min. The annealing times for the as-grown and an-
nealed layers were 30, 60, 120, and 180 s at the annealing

temperature 650 °C

LO phonon mode shows a slightly shift from 378.7 +
+ 0.5 cm ™! for the as-grown layer to 377.24 0.6 cm ™!
for the layer annealed for 180 s. The peak positions
of the GaP-Like LO phonon mode of all layers are
listed in Table. It is known that the In content in
InGaP is significantly related to the optical phonon
frequencies, especially the GaP-like LO phonon re-
ported by Bedel et al. [9]. A shift of the GaP-like LO
phonon frequency (Awgap—like,0) @s a function of the
In content (z) is expressed as

Aw(Gap-tiker0) = —18.182% — 38.97x.
278

from InGaP compared to that of the GaP-LO phonon
mode (404.99 cm~!) taken from GaP. It is found that
the variation of the In content is £1.7 at.%) from
HRXRD, whereas the value of +£0.8 at.% was deter-
mined from Raman scattering. This uncertainty rep-
resents an error, which is introduced by a step size
in the wave-number axis. According to the GaP-like
LO phonon frequencies, waap—_likeL,O, the In content
in InGaPN layers was determined to be 55.8 £ 0.8 and
56.2 +£0.8, 58.24+0.9, 58.2+ 1.1, and 58.5 + 1.1 at.%
for the as-grown and annealed layers for 30, 60, 120,
and 180 s, respectively. An increase of the In content
due to the RTA treatment can be described by a reor-
ganization of In atoms in the InGaPN layer from the
interstitial sites to the lattice site. Thus, the In atoms
obtain the thermal energy from the RTA process to
rearrange their positions.

Figure 2 shows HRXRD (004) 26 /w profiles for the
InGaPN layers, both as-grown and annealed layers
with different annealing times of 30, 60, 120, and
180 s. The diffraction pattern, which consists of a
well-defined diffraction peak located at 66.06° and a
broad curve at lower diffraction angles, looks simi-
lar for both the as-grown and annealed layers. The
diffraction peak located at 66.06° is referred to the
GaAs (004) reflection, while the diffraction peak lo-
cated at a lower angle indicates the InGaPN (004)
reflection. Compared to the as-grown layer, the In-
GaPN (004) reflection peak is shifted to higher angles
with increasing the annealing time up to 120 s. On
the other hand, for the annealing time of 180 s, the
InGaPN (004) reflection peak is shifted back to lower
angles. The peak shift of the InGaPN (004) reflection
is resulted from the alloy composition change due to
the RTA treatment. In fact, an increase of the In and
N contents in the InGaPN layer exhibits a shift of
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the InGaPN (004) reflection peak to lower angles and
higher angles, respectively. Thus, the peak shifts of
the InGaPN (004) reflection are mainly caused by an
increase of the N content. According to the Raman
scattering results, the In content was increased by the
RTA treatment. Therefore, the annealed layers with
the annealing time up to 120 s exhibited an increase
of the N content. In this case, the diffraction peak
shifts to higher angles. In contrast, a decrease of the
N content was found for the annealing time of 180 s,
leading to a peak position lowering.

Figure 3 shows HRXRD reciprocal space maps
(RSMs) taken around an asymmetric (115) reflection
for the InGaPN films on GaAs (001), which are il-
lustrated for the as-grown layer (a) and the annealed
layers with the annealing times of (b) 120 and (c)
180 s. It is seen that the diffraction from the InGaPN
(115) planes is clearly observed for both the as-grown
and annealed layers. When the annealing time in-
creases up to 120 s, the diffraction contour of InGaPN
(115) reflection shows the orientation along the full
strained line indicated by the dashed line, as shown
in Fig. 3, (b). This moving trend indicates that more
N content is incorporated into the layers. However,
for the annealing time of 180 s, the InGaPN (115)
contour shifts back away from the fully strained line,
which causes the InGaPN layer tp become a partially
strained layer. With the use of the In content calcu-
lated by a shift of the GaP-like LO phonon and the
normal (ay ) and in-plane (a)) lattice parameters ob-
tained from HRXRD measurements, the N content in
the InGaPN layers can be evaluated by the modified
Vergard law [10, 11],

2C12a) + Cr2a

nGa. - —7 1
(InGaPN 2012+ Chy 1)

amcarN = (1 — 2)[(1 — y)acap + yacan] +

+z[(1 — y)amp + yamn], (2)
Oy = (1 — 1’)(1 — y)aGapchlaP + yaGaNCﬁaN n
AInGaPN
I (G y)ampClY’ + yanCit] 7 (3)
AInGaPN
Oy = (1—2)(1 — y)acarCHT + yaganCHN n
AInGaPN
i (G y)ampCl8" + yamnCi3" | ’ (4)
AInGaPN
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Fig. 3. HRXRD26 /w reciprocal space maps around an asym-
metric (115) reflection for the InGaPN films on GaAs (001) for
the DMHy flow rate 300 pmol/min for the as-grown layer (a)
and with the annealing times of 120 (b) and 180 s (¢) at 650 °C
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Fig. 4. In and N contents as functions of the annealing time
for InGaPN alloy films

where ;7 and Cj2 are the elastic constants
In,Ga;_.P1-yN, and agap, acan, amp, and amn
are the relaxed lattice constants of cubic GaN, GaP,
InP, and cubic InN, respectively. Since the elastic
constants of In,Ga;_.P1_yN, are not available, they
can, thus, be derived from the elastic constants of the
four binary compounds, by using the interpolation
method. Thus, the In and N contents in the InGaPN
alloy layer were determined. The list of alloy compo-
sitions of the as-grown and annealed InGaPN layers
with different annealing times is given in Table.
Figure 4 shows the N and In contents dependent on
the annealing time. The N content is increased, when
the annealing time increase up to 120 s. The highest
N content is 2.4 & 0.4%. Furthermore, the reduction
of the N content to 1.2 4+ 0.4% is observed, when the
annealing time increases up to 180 s. To explain the
results, it is proposed that the RTA treatment may
induce the diffusion of both the In and N atoms in-
side the InGaPN layer. The lattice-mismatch is found
to decrease, when we increase the annealing time up
to 120 s. The lowest lattice-mismatch was observed
to be 0.33%, which is smaller as compared to that of
the as-grown layer equal to 0.47%. Unfortunately, the
highest lattice-mismatch of 0.54% is found for the an-
nealing time of 180 s. The lattice-matching condition
between the layer and the substrate prevents the epi-
taxial layer from a misfit dislocation, which degrades
the crystalline quality of the grown layer. Thus, the
annealing effect causes a change in the alloy compo-
sition, both the In and N contents and in the strain
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Fig. 5. AFM images of the InGaPN alloy films with the flow
rate of DMHy of 300 pmol/min with annealing time for the as-
grown layer (a) and the layers annealed for 120 (b) and 180 s
(c) at 650 °C

in the InGaPN layer. As a result, the post-growth
RTA process shows a significant impact to improve
the structural properties of the InGaPN layer.

The surface AFM images of five InGaPN layers are
shown in Fig. 5. The scanning area is 10x 10 gm. The
elliptic island-like structure, which is elongated along
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the [110] direction, was observed for all layers. A
cross-hatch pattern due to the generation of a mis-
fit dislocation is not observed. The root-mean-square
(RMS) roughness of the layer surface is reduced from
10.7 to 8.8 nm, when the annealing time was increased
up to 120 s. The result implies that the atom at the
surface gains the thermal energy from the annealing
process to re-arrange the own position by the mass
transportation at the surface. However, when the an-
nealing time increase from 120 s to 180 s, the RMS
roughness is dramatically increased to 13.8 nm. This
indicates that a longer annealing time causes a for-
mation of the atom changing from 2D layer to a
3D mound. Combined with HRXRD results, these re-
sults demonstrate an evidence of the reduction in the
misfit dislocation, as the annealing time increases to
120 s at 650 °C. Based on our results, the InGaPN
layer annealed for 120 s at 650 °C exhibits the high-
est In and N incorporation in InGaPN, which are
58.2 + 0.8% and 2.4 + 0.4%, respectively. The low-
est RMS roughness of the layer surface was observed
to be 8.8 nm. The lowest lattice-mismatch of 0.33%
was obtained. These results suggest that the suitable
selection of the annealing time helps to improve the
structural properties of InGaPN.

4. Summary

Structural properties of InGaPN on GaAs (001) are
investigated to verify the influence of the RTA treat-
ment on the lattice-mismatch, alloy composition,
strain, and surface morphology, which are studied
by Raman spectroscopy, HRXRD measurements, and
AFM. RTA at 650 °C for 120 s demonstrates a mod-
ification of the structural properties of the lattice-
matched InGaPN layers on GaAs (001). A lower-
ing of lattice-mismatch as small as 0.33% is con-
firmed. The RMS roughness of the InGaPN surface
was decreased to the smallest value of 8.8 nm. The In
and N contents were observed to be increased. With
increasing the annealing time from 120 s to 180 s,
the lattice-mismatch and RMS roughness were ob-
served to be increased. The N content was dramat-
ically reduced due to a desorption of N atoms from
the surface, while the In content was remained. Our
results suggest the RTA-induced rearrangement of
the In and N atoms to improve structural properties
of the lattice-matched InGaPN layer on GaAs (001)
substrate.
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CTPYKTVYPHI BJIACTUBOCTI InGaPN HA GaAs (001),
V3TOJIZKEHI 3A TAPAMETPOM T PATKU

Peszmowme

Iocaimpxeno Baactusocti crpykrypu InGaPN na GaAs (001),
Y3roJzKeHi 3a mapaMeTpOM I'DATKH, i3 3aCTOCYBAHHAM DEHTTE-
HiBCbKOI Audpakiyl Bucokoi po3ainbuol 3xarnocri (PIBP3),
Pamaniscbkol ciekrpockomii (PC) 1 aromuol cunoBol Mikpocko-
nil (ACM). ITapu InGaPN Gynu Bupoieni MeTofoM emiTakcii
MeTasoopraHiyHux 3’e¢gHaHb 3 razosol ¢dasu. IIpum orpuman-
i InGaPN, ysromxkenoro 3a nmapamerpom rparku, na GaAs
MIBUAKOCTI IOTOKIB TpiMeriminais i Tpimerisrasis 6ymu, Big-
nosigHo, 14,7 ta 8,6 MrMousb/xB. 3mict N Gysto onTumizoBano
[PH IIBUIKOCTI MOTOKY AMMeTH/IruApasuta (nonepeauuk N),
mo gopisaoe 300 mxmoss/xB. Kombinyoun PIIBP3 i PC Buwmi-
proBannd, 3micT In i N omineno ax 55,8 1 0,9 atT.%, Biamosiano.
Jlns Beix mapie HeysromykeHicTs rparku Gyna menme 0,47%.
g noninmenss sikocti rparku InGaPN mapis, 3acrocoBanuit
mBuakuii Tepmivnmii Bignasn (IIITB) npu remneparypi 650 °C,
onruMasbHOl st 3pocranas GaAs 6ydepnoro mapy. Yac Big-
nasty 3miHoBaBcs Bix 30 1o 180 ¢ mJist JOCSATHEHHST OMHOPITHO-
cri ckiany. 36isbienHs yacy Bigmasay g0 120 ¢ npusseso mo
He3Ha4HOro 3pocranss 3micry In i N. ITpu npomy ACM nokasza-
Ja, 10 CcepelHboKBaApaTudHa mopcTkictb InGaPN nosepxHi
3menmutacs. I[Ipu 36inbirensi vacy Bignasy pisko magae BmicT
N 6e3 3min y Bumicti In. CepennbokBapaTnyHa NIOPCTKICTL Ta-
koK 3pocrae. IIITB npu 650 °C nporsirom 120 ¢ 3HaYHO mOJII-
mImuB BiaacTUBOCTI crpyKTypu mapis InGaPN na GaAs (001),
Y3ro[?KEHNX 3a IapaMeTPOM I'DaTKH.



