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Indium-composition fluctuations in InGaN epitaxial layers are suppressed by using periodically-pulsed mixture (PPM)
of N, and Hj carrier gas. Photoluminescence, optical transmission, reciprocal space map and space-resolved cathodolu-
minescence are employed to characterize the InGaN epilayers. It is shown that the lateral In-fluctuations mainly occur as
hillock-like In-rich regions. Both the number and size of In-rich regions are reduced by introducing the PPM carrier gas.
Moreover, the measurements first experimentally demonstrate that the H, carrier gas has a stronger decomposition effect
on the In-rich region. As the duration time of the PPM carrier gas increases, the reduction of In-content in the In-rich
region reaches up to 12%, however, only 2% for the In-homogeneous region. These factors lead to the suppression of

In-fluctuations.

Keywords: InGaN alloys, suppression of In-fluctuations, periodically-pulsed mixture of nitrogen and hydro-

gen
PACS: 78.55.Cr, 81.05.Ea, 81.15.Gh

1. Introduction

InGaN ternary alloys are promising materials and have
received enormous attention due to their direct and adjustable
bandgaps in entire visible region, high theoretical electron
mobility,!'l and large optical absorption.[?! These alloys of-
fer many potential applications, such as quantum-well-based
solid-state emitters, 3! light detectors, photovoltaics,[4] photo-
electrochemical (PEC),P! and thermoelectric devices.!®! For
some applications, such as visible light detectors and solar
cells, an InGaN film with thickness in excess of 100 nm is re-
quired to absorb more than 90% of the incident above-bandgap
light.”l However, due to the low miscibility®! and large dif-
ference in interatomic spacing between GaN and InN (~
11%),1%101 Indium-composition fluctuations (In-fluctuations)
occur easily in InGaN epitaxial layers and result in poor elec-
trical and structural properties, especially for high In-content.
Moreover, InGaN epilayers which are generally deposited on
GaN buffer layer suffer a large lattice constant mismatch be-
tween InGaN and GaN and a small critical layer thickness
(CLT). For example, The CLT of an In,Ga;_,N epilayer with
x > 10% is calculated to be less than 100 nm.['!] When the
thickness of InGaN epilayer exceeds the CLT, strain relax-
ation accompanied by the formation of dislocations may occur.
Therefore, it is difficult to prepare high crystalline quality In-
GaN epilayers with In-content > 10% and thickness > 100 nm
due to the severe In-fluctuations and high defect density.!'?!
Up to now, some efforts have been made to sup-
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press the In-fluctuations in InGaN and these efforts can
be classified, in essence, as three categories: (i) strain
control, it was proposed that elastic strain helps to sup-
press the In-fluctuations in InGaN,[®! and single-phase In-
GaN layers have been grown on lattice-matched ZnO sub-
strates through compressive strain;['3 (ii) non-equilibrium
growth, it was found that In-fluctuations could be suppressed
by promoting growth rate, thereby converting thermody-
namic conditions into non-equilibrium growth conditions;!'4!
and (iii) indium adlayer control,
methods,!”-1>1%] metal-modulated epitaxy,!
modulation technology.!'”) All these epitaxial methods use
pure nitrogen as carrier gas. It is worth noting that hydro-

including semi-bulk

I7.18] and indium

gen was often adopted as carrier gas during the growth of
barriers?*2!! and the interruptions between barriers and wells
in InGaN multiple quantum wells (MQWSs).!??! Its effects
have been studied for at least 20 years and one of the effects
was that hydrogen could eliminate the inclusions, namely In-
fluctuations.?*-??! For thick InGaN epitaxial layers, some in-
vestigations have been done about the effects of hydrogen on
indium incorporation?>?*! and C and O impurities.*>! How-
ever, there are few reports on the effects of hydrogen on the
In-fluctuations in thick InGaN layers.

In the present work, we provide another method to sup-
press the In-fluctuations during the growth of thick InGaN lay-
ers by periodically-pulsed mixture (PPM) of N, and H, car-
rier gases. In-rich regions, which mainly contribute to the In-

fluctuations, are directly observed and evidently reduced by
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the PPM carrier gas. The effects of hydrogen on the In-rich
region and In-homogeneous region are first experimentally in-
vestigated. It is shown that hydrogen has much stronger de-
composition effect on the In-rich regions and, therefore, the
In-fluctuations can be effectively suppressed by controlling the
duration time of PPM.

2. Experiments

All experimental InGaN samples were grown on c-plane
sapphire substrates by low-pressure metal-organic chemical
vapor deposition (MOCVD) in a closed-coupled showerhead
reactor. Trimethyl indium (TMIn), tetraethyl gallium (TEGa),
and ammonia (NH3) were used as metal and nitride precur-
sors, respectively. N or Hy carrier gas flowed through the
metal precursors bubblers. The growth temperature measured
by pyrometer was converted into the wafer temperature shown
here, calibrated by means of the blackbody radiation. The
substrate temperature was firstly increased to 1098 °C in Hp
atmosphere for 300 s to remove the surface damage and con-
tamination. Then, a 30-nm-thick GaN nucleation layer was
grown at 536 °C, followed by a 2.5-um-thick unintention-
ally doped (uid) GaN layer deposited at 1069 °C. Next, an
In,Ga;_xN (x ~ 14%) transition layer with nominal 60-nm
thickness was grown with pure N, carrier gas to avoid aggra-
vating the composition pulling effect. Finally, a uid-InGaN
main layer with nominal 90-nm thickness was deposited un-
der the identical growth conditions of transition layer except
for the periodically changed carrier gas between pure N, gas
and a mixed gas of H, (400 sccm) and N (5842 sccm). During
the deposition of all InGaN layers, the metal and nitride pre-
cursors were kept continuous. The flow rate of NH3, TMIn,
and TEGa were 9 slm, 27.72 pumol/min, and 4.52 pmol/min,
while the growth temperature and pressure were 765 °C and
300 mbar (1 bar=10° Pa), respectively. Four samples were
grown by PPM method with pulsed duration times of 0, 5,
10, and 15 s in each period of 45 s, respectively. The In-
GaN main layer consists of 55 periods in total and each peri-
odic thickness is around 1.6 nm, corresponding to the growth
It should be noted that there were
no multilayered structures observed in InGaN main layers

rate of ~ 2.2 nm/min.

by transmission electron microscopy, indicating that the de-
posited InGaN should be bulk film rather than superlattice.
The flow sequences of the carrier gas during the growth of
InGaN main layer are shown in the inset of Fig. 1. Photolu-
minescence (PL) measurements were performed at room tem-
perature by using a He—Cd laser operating at 325 nm. Optical
transmission spectra were recorded with a Shimadzu UV 2550
UV-VIS Spectrophotometer. Space-resolved cathodolumines-
cence (CL) images were obtained by using MonoCL4 sys-
tem, where surface morphology can be imaged via secondary

electrons simultaneously with the monochromatic CL inten-
sity distribution. The acceleration voltage of electron beam
was operated at 2 kV for the sake of focusing electron beam
on the InGaN main layers. High resolution x-ray diffraction
(HRXRD) and reciprocal space map (RSM) measurements
were carried out by using a Bruker D8 discovery instrument.
Atomic force microscopy (AFM) was conducted in tapping
mode on a Veeco Dimension Edge system. Fresh tip was uti-
lized to obtain the reliable and clear surface morphology.

3. Results and discussion

Figure 1 shows the room-temperature PL spectra. No
obvious In-fluctuations can be observed from the spectra.
As the duration time of PPM increases from O s to 10 s,
the main PL peak position slightly shifts from 436 nm to
424 nm with the increase of peak intensity. This blue-shift is
caused by the introduction of H, carrier gas, which impedes
the In-incorporation. The increased integrated PL intensity
of 183% indicates a reduction of non-radiative recombination
centers which trap the photo-generated carriers and degrade
optoelectronic performance.?® When the duration time in-
creases to 15 s, the peak wavelength of InGaN main layer
significantly decreases to 412 nm, resulting in a significant
blue-shift of 24 nm with respect to the O-s sample. The large
blue shift of PL peak indicates that the 15-s duration time is
too long to avoid reducing the In-content and, therefore, the
15-s sample is not further considered in the discussion. The
PL peak wavelengths and corresponding In-content of these
three samples are listed in Table 1. Each of the PL spectra also
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Fig. 1. (color online) PL spectra with inset showing carrier gas flow
sequences, where partial nitrogen is replaced by hydrogen during mix-
ture duration time. All metal and nitride precursors are kept constant,
respectively.

Table 1. PL peak wavelengths and corresponding In-content calcu-
lated by modified Brunner method?®! for samples with mixture dura-
tion times of 0's, 5's, 10 s, and 15 s, respectively.

Sample 0s Ss 10s 15s
A/mm 436 429 424 412
In-content 0.14 0.13 0.12 0.10
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exhibits a very weak emission around 525 nm. However, the
peak position and line shape cannot be precisely determined
due to the oscillations caused by the interference effect ap-
pearing usually in InGaN layers.!!-?7]

Figure 2 shows the optical transmission spectra of the
three samples. By increasing the duration time, the main ab-
sorption edge of InGaN around 425 nm is slightly blue-shifted.
This is consistent with the PL. measurement. The spectra in the
long wavelength region are modulated by an interference ef-
fect and appear with many fringes. According to the method
described in Ref. [29], the thickness of epitaxial layer can be
evaluated from the interference fringes. The consequently ob-
tained result is ~ 2.5 um, roughly equaling the total thickness
of epitaxial layers. This implies that the interference effect
occurs at the InGaN surface and the interface between sap-
phire and GaN which is due to the comparative refractive in-
dexes of GaN and InGaN. The interference effect appearing
in the transmission spectra also reflects good thickness unifor-
mity and high InGaN surface quality.*°! To clearly compare
the transmission spectra in the long wavelength region beyond
the band edge, we plot the geometric mean 7y, of upper trans-
mission envelope Ty and lower transmission envelope Tp, in
the inset of Fig. 2, in which Ty = (Tt - Tn)'/? as described in
Ref. [30]. According to the obtained Ty, curves, the transmis-
sion spectra can be divided into two regions; i.e., the transpar-
ent region beyond 672 nm and the weak-absorption region ly-
ing approximately between 450 nm and 672 nm. In the trans-
parent region, T, values keep almost constant for the three
samples, while in the weak-absorption region the 7y values
decrease with wavelength decreasing and increase with PPM
duration time increasing. The reduction of 7, might be as-
cribed to the inhomogeneous In-rich components, which was
also reported by Chen et al.3'! This means that the increase of
PPM duration time may lead to an effective reduction of the
In-rich components in the InGaN epilayers. However, because
the optical transmittance is also related to the surface scatter-
ing and the impurity absorption, more proofs are needed to
confirm the above analysis.

To further investigate the effects of PPM carrier gas on
the deposited InGaN, we also carry out space-resolved CL
measurements. The measured results are shown in Fig. 3.
Figures 3(a)-3(c) exhibit the scanning electron microscopic
(SEM) images. Figures 3(d)-3(f) show the monochromatic
CL images dealt with mixed colour technology. Figures 3(g)-
3(i) display the CL spectra of the samples with the duration
times of 0 s, 5 s, and 10 s, respectively. For the 0-s sam-
ple, many hillocks with the dimensions of several microns can
be observed in the SEM image as shown in Fig. 3(a). These

hillocks have irregular shapes and distributed randomly on

the InGaN surface. The CL image (Fig. 3(d)) shows that the
hillocks present the spatially inhomogeneous luminescence of
InGaN epilayer. The luminescence measured from the central
regions of hillocks (red areas) show an emission band ranging
from 520 nm to 650 nm, while that from the marginal areas
of hillocks (green areas) exhibits a band ranging from 460 nm
to 500 nm. For the blue areas, the emission band is relatively
narrow which ranges from 420 nm to 450 nm. These areas in
0-s sample correspond to the In-homogeneous regions with a
PL emission peak of 436 nm. The CL images reveal a fact that
the closer to the centre of hillocks, the longer the emission
wavelength is. These hillocks are In-rich regions which are
the main contribution to the lateral In-fluctuations of InGaN.
Comparing with 0-s sample and 5-s sample, it can be found
that both the number and size of the hillocks significantly de-
crease in the 10-s sample, which indicates that the introduction
of PPM carrier gas effectively suppresses the In-rich region in

the InGaN epilayer.
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Fig. 2. (color online) Optical transmittance curves with inset showing geo-
metric mean transmission spectra.

Besides the number and size of the hillocks, the varia-
tion of CL spectrum with the PPM duration time is also im-
portant for understanding the role of PPM carrier gas. The
CL spectra are therefore characterized by focusing an elec-
tron beam on the selected hillocks, as shown in Figs. 3(g)-3(i).
For the 0-s sample, the CL emission peak of an In-rich region
(point A) is ~ 677 nm (denoted as peak #1), corresponding to
an In-content of ~ 49%; while the emission peak of the In-
homogeneous region is in agreement with the PL peak result
(not shown here) and the In-content is calculated to be ~ 14%.
This indicates that the lateral In-fluctuations are much more
serious in this sample. As the PPM duration time increases to
5 s, another emission peak around 567 nm (marked as peak
#2) is measured from an In-rich region of point B. The corre-

sponding In-content is ~ 37%. Further increasing the duration
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time to 10 s leads emission peak #1 to disappear and emis-
sion peak #2 to still exist as shown in the CL spectrum taken
from an In-rich region of point C. These observations confirm
that not only the size and number but also the In-content of
In-rich regions can be effectively reduced by the PPM carrier
gas, or specifically the Hj carrier gas. Comparing with the In-
homogeneous regions (only ~ 2%), the In-content decreases
more evidently in the In-rich region (up to ~ 12%), which
means that the effect of Hy carrier gas on the In-rich InGaN
region is very effective. Therefore, better result is expected to
be achieved by further optimizing the flow ratio between H;

(d)"0s

point A

point B

and N carrier gas and the duration time of pulse flow.

It should be noted that the spatial extent of In phase sep-
aration is still under debate. 32734 However, the dimension of
the phase separation is typically on the order of a few to tens
of nanometres, much smaller than the sizes of inhomogeneous
regions observed in our InGaN epitaxial layers. Accordingly,
strictly speaking, the effect of PPM carrier gas shown in our
case is to suppress the In-composition fluctuations rather than
the phase separation. The above analysis therefore demon-
strates that the suppression of In-fluctuations is a major con-
tribution of the PPM carrier gas.

point C
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Fig. 3. (color online) (a)—(c) SEM images; (d)—(f) monochromatic CL images; (g)—(i) CL spectra of samples with the duration times of 0's, 5 s,

and 10 s, respectively.

The hydrogen in PPM carrier gas plays an important role
in suppressing the In-fluctuations during the InGaN epitaxy by
the MOCVD method. On the one hand, hydrogen could etch
(or decompose) InN more easily than GaN via the reverse syn-
thesis reaction because of its small equilibrium constant.[33-36]
Indium, one of the reverse synthetic products, partially reacts
with hydrogen and forms indium-hydride volatile species!*”!
which could be desorbed seriously due to their weaker bonds
to the surface than In atoms.*! Meanwhile, hydrogen is a by-
product of deposition reactions of In(g) + NHj3 (g) = InN (s) +
3H,(g) and Ga(g) +NHj (g) = GaN (s) + 3Hy(g). The intro-
duction of Hy carrier gas increases the hydrogen partial pres-

sure and prevents the synthesis of InN, and thus impeding the
generation of the In-rich regions. These two factors contribute
to the effects of hydrogen on the In-rich regions and the con-
sequent suppression of In-fluctuations, which may also lead to
a slight decrease of In-incorporation into the In-homogeneous
region.

The RSM measurements of asymmetric (105) reflec-
tion are performed to further clarify the mechanism of In-
fluctuation suppression from the aspect of strain conditions.
The broad diffraction spot shown in Fig. 4(a) indicates a dis-
persive distribution of In-composition and strain in the InGaN
epilayer of 0-s sample. With the introduction of PPM carrier
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gas, another diffraction peak of InGaN appears with larger O,
value, as shown in Figs. 4(b) and 4(c). Note that all of these
samples have identical GaN buffer layer and InGaN transition
layers, the only difference is the InGaN main layer grown with
a different PPM carrier gas. A slight decrease in In-content of
the InGaN main layer is proven by the PL spectra as the PPM
duration time increases. The appearing of diffraction peak is
therefore attributed to the InGaN main layer. Moreover, the
diffraction spots of InGaN main layers become relatively nar-
row, suggesting a more uniform In-composition and concen-
trated strain distribution. The degree of relaxation is defined

as

RIEON 0

ao (L) —ao (s)

where a(L) and ag(L) are the measured and fully relaxed in-
plane lattice constants of InGaN layer, respectively, and ag(s)
is the in-plane lattice constant of fully relaxed GaN. The fully
strained line (R = 0) and relaxed line (R = 1) are depicted in
Fig. 4. For the 0-s sample, a small horizontal shift of InGaN

diffraction maximum with respect to that of GaN can be ob-

served, meaning a partial in-plane relaxation; while there is
nearly no diffraction maximum shift between InGaN and GaN
for 10-s sample. The relaxation degrees of 0-s and 5-s sam-
ples are calculated to be 6% and 5%, respectively, accord-
ing to the model described in Ref. [38]. When the duration
time increases to 10 s, a small relaxation degree is obtained
to be 1%. The almost full strain has two positive effects: (i)
it is useful to suppress In-fluctuations in InGaN due to elas-
tic strain;[®! (ii) and as the strain relaxation is usually accom-
panied by the formation of dislocations,!!!! the threading de-
fects can be reduced by maintaining the compressive strain.
In fact, it is found that for the 10-s sample, the full width at
half maximum (FWHM) of InGaN (002) and (102) rocking
curves are 306 arcsec and 476 arcsec, respectively, much lower
than those of 0-s sample (410 arcsec and 749 arcsec, respec-
tively). This is also proven by SEM images (shown in Fig. 3),
where the density of V-pits decreases with mixture duration
time increasing. These reductions illustrate the improved In-
GaN crystalline quality.

0.965 -
0.960
0.955

0.950

Q./A

0.945

940 F
0.940F 1 o

$3 R - .
¢ main layer

0.935

0.360 0.365 0.370 0.355

Q./A

0.355

0.360

0.360 0.365 0.370

Qu/A1

0.365 0.370  0.355

Qz/A™

Fig. 4. (color online) (105) RSMs of samples with duration times of (a) 0s, (b) 5 s, and (c) 10 s. Relaxed line and strained line are plotted.
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Fig. 5. (color online) (a) PL spectra, (b) AFM image (10 umx 10 pm) of the 10-s sample, and (c) control sample which is deposited under N, carrier

gas.

Since the PPM carrier gases may also result in the de-
crease of In-content in InGaN layer, it is still necessary to
clarify the effect of In-content reduction on In fluctuation. An
InGaN control sample deposited with N; carrier gas is pre-

pared. Figure 5(a) shows the PL spectrum of the 10-s and

control sample. The emission peaks are observed at 425 nm
and 426 nm for the 10-s and control samples respectively, in-
dicating that the two InGaN samples have a similar In con-
tent value of ~ 12%. Furthermore, another weak emission

band at around 450 nm—500 nm appears only for the control
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sample. Figures 5(b) and 5(c) show AFM images of the 10-
s and control samples, respectively. Two hillock-like regions
are observed in the 10-s sample and demonstrated to be In-
rich InGaN regions by the space-resolved CL (Fig. 3). For
the control sample, much more hillock-like regions with large
sizes are characterized, implying more serious In-fluctuations
in the control sample. These hillock-like regions also result
in a rough surface morphology with a root mean square (rms)
value of 4.74 nm, while the rms value is only 1.54 nm for the
10-s sample. These results suggest that the suppression of In
fluctuations in this work is attributed to the PPM carrier gas
rather than the In-content reduction.

4. Conclusions

In this work, a periodically-pulsed mixture of N, and
H; carrier gas is introduced into the MOCVD during InGaN
growth. The In-fluctuations are effectively suppressed by this
method. A decreasing process of In-content in the In-rich re-
gion with increasing the hydrogen duration time is first clearly
presented. It is found that not only the number and size of the
hillock-like In-rich InGaN regions but also the In-content of
the In-rich region is significantly reduced by the introduction
of PPM carrier gas. These factors contribute to the suppres-
sion of In-fluctuations. The PPM carrier gas provides a way to
precisely control the reaction amount and time of introduced
hydrogen.
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