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Abstract

In the following, wereport investigatins of the dependencies of the structural, optical and
electrical characteristics of InN thin films grown by MOCVD on the growth temperature. The
layer thicknesses range from 70 to 400 nm. Their carrier concentrations range fsorh0¥® to
4 x 109 cm—3. Hall mobility valuesfrom 150 to 1300 crfy/V /s were @termined in these films.

The variation of the growth temperature andIN ratio brought about different growth modes and
rates. Using TEM, in addition to measuring layer thickness, we also determined the growth mode
along with the structural quality of the InN lasge The surface roughness was obtained from AFM
measurements. The layer crystalline quality was also investigated by means of X-ray diffraction in
the roking mode. Photoluminescence measurements performed at room temperature and at 7 K gave
emission at around 0.7 eV.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction
InN is seen as a material which will be suita for use in fabricating LEDs, LDs and
ultrahigh frequengtransisors [1]. It is part of the nitride semiconductor family along with
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Table 1
MOCVD growth conditions of the INN samples

Sample Growh tempera- V/lllratio GT (h) NHg flow (sccm) In flow (sccm)  Aspect

ture (°C)
A50 550 13000 3.5 3000 50 Black/brown
A52 650 6500 1.25 3000 100 Black/brown
A53 500 6500 2 3000 100 Metallic brown
A65 575 3300 - 3000 200 Black brown/In drops
A69 450 3300 15 3000 200 Metal In drops
A70 450 6500 15 6000 200 Metallic yellow

AIN, GaN and their alloys. InN exhibits the smallest effective mass and the highest electron
drift velocity as compared to #rest of he nitide family [2]. However, itsgrowthis more
difficult to achieve than that of AIN and GaN due to the weak bonding of In and]N [
Neverthelesspver thepast two years, using MBE and MOCVD as growth techniques has
greatly improved the quality of InN films and recent reports on the band gap show that it
could be as small as 0.65 e¥][

2. Experimental

The InN layers investigated were grown on a (0001) sapphire substrate followed by
a 500 to 1000 nm thick GaN template. The growth temperature was varied from 475
to 650 °C while the V/III ratio ranged from 13000 to 3300éble ). Since the growth
temperature is one of the dominant factors as regards the quality of these films, we tried to
correlate it with a number of measurements starting with the surface roughness obtained
from AFM over area scans ofiinx 5 um anddown to Jumx 1 um. The PL measurements
were carried out on alhie samples using a Sa:Ti laser at low temperature (7 K) and at room
temperature, the pump power used was 500 and/the excitation wavelength was 781 nm.
We also carried out TEM analysis on our JEOL 2010 analytical microscope operated at
200 kV. X-ray diffraction investigation was performed by recording the (0002) rocking
curves and exploring the reciprocal lattice fromtd 60° and @ to 360° usingy and x
scans, respectively. This was done to investigate the epitaxial relationships of the layers
and to measure the half-width half-maxima of the main out-of-plane peaks.

3. Results
3.1. Surface roughness investigation by AFM

Fig. 1 shows typical topological (area of m x 5 um) and phase images (area of
1.5um x 1.5 um) from AFM measurements for the three samples grown af 65@\52),
575°C (A65), 450°C (A70). The sample A52 at this micron scafed. 1(a)) has a surface
structure with larg se@rated peaks. The phase imadég( 1(d)) of this sample for a
smaller gan area shows mostly four-sided grains of various shapes. Ri§51(b)) has
peaks which are pointed too, but they seem to be almost joined, indicating a continuous



P. Singh et al. / Superlattices and Microstructures 36 (2004) 537-545 539

@ 150

1.00

0.50

0
1.00 1.50

o
2
n
o

1.50

1.00

0.50

(f) 1.50

1.00

0.50

0
0 0.50 1.00 1.50

Fig. 1. AFM ((a), (b), (c)) topological images ar{), (e), (f)) phase images of samples A52, A65, A70
resgectively.

layer below. Its phase imagé&if. 1(e)) shows grains that are curved and fit into their
neighbours. It is also observed that the grains are larger compared to those of A52. For
A70 (Fig. 1(c)), the small peaks have rounded off slopes that almost touch each other,
hinting at the presence of a continuous layer. In its phase infége(f)) there are tiny

grains which form clusters. This sample had the smallest grains among the three presented
here.
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Fig. 2. Roughness obtained from AFM studéssa function of growth temperature.

In Fig. 2, the roughness is plotted versus the growth temperature for the samples
investigated. A69 and A70 grown gtd same growth temperature of 450 have the
sane roughness. From 450 to 50Q the roughness increases by only 10 nm. However,
from 500 to 550°C it jumps by 65 nm in a temperature span of*&l From550 to 575°C
the roughness increases by 15 nm. Finally, the roughness falls by 40 nm from 575%G 650
or when close to the InN dissociation temperature.

3.2. Layer quality and thickness determination by TEM

Although all the samples shownTable 1have been observed by TEM, we concentrate
on three samples out of which two were discussed above in relation to AFM measurements.
Fig. 3 shows bright field images of the three samples. ABR).(3(a)) has pointed and
sharp peaks, but, towards the interface, the islands are coalesced. This morphology is
in agreement with th albve AFM images Were we also find sharp peaks which are
separatd. A50 (Fig. 3(b)) grown at 550°C hasalmost coalesced islands with flat tops;
this pobably indicates that we may be close to the growth conditions from which the
growth of a coalescence layer can be initiated. AF@(3(c)) exhibits pointed peaks but
it appears more continuous than A52. If we compare the morphology of the three samples
we find that br A52 and A70 have the same/M ratio, their layers are similar and A70
is more continuous than A52. The layer discontinuity for A52 is attributed to the higher
temperatire of 650°C (dissociation émperature for InN) giving a higher growth rate of
0.29u/h in conparison to W5 u/h for A70.

As a general trend the growth rate irases with the growth temperatuféd. 4). In
our case the In flow was reduced by half every°®Drise in temperare from 450 to
550°C; neverheless, there was an increase in the ghoraite and at a growth temperature
of 650°C for A52 agrowth rate as high as29u/h isobtained. Adachi et al. report that the
growth rate of InN inceased with increasing temperature from 450 to 950everwhen
the V/III ratio was constant and saturated, when the TMI flow was increased, as excess
of In does not form InN bonds limited by Nf-Hlecomposition or due to the deficiency of



P. Singh et al. / Superlattices and Microstructures 36 (2004) 537-545 541

Fig. 3. TEM images of (a) A52, (b) A50, (c) A70.

active nitrogen%]. At 630-650°C the growth rate is directly proportional to the'M ratio
dueto enhanced decomposition of Mldnd a growth rate as high as8@u/h is obtained at
650°C [5].

3.3. X-ray diffraction analysis

X-ray diffraction analysis was performed by recording the (0002) rocking curves in
order to obtain mosaicity of the growth along the (0001) axis. By exploring the reciprocal
lattice from O to 60 and 0 to 360, i.e. usingy and x scans, we confirmed the following
epitaxial relationshipsf1120]sgphire || [1010]nngGan, [1010]sgphire || [1120]inngGaN
in agreement with TEM diffraction analysis. The above technique was used also to
measure the out-of-plane half-widths at half-maxima (HWHM) of the main InN peaks,
thus enabling us to study the crystalline quality of the InN grafable 9. Fig.5is a
plot of A¢ versus the gpwth temperature. A50 and A53 have almost the same value of
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Fig. 4. Growth rate as a function of growth temperature.

Table 2
Asymmetrical 103 and 104 peak pogiis and half-widths at half-maxima
103 InN 103 GaN 104 AlO3
xmax (°) 32 31.85 31.66 32.12 31.98 32.019 - - -
Ax (9) 0.77 1.2 0.78 0.66 0.65 0.665 - - -
emax (°) 17.92 17.69 17.79 17.86 18.02 18.12 48.147 48.3 47.64
Ag (°) 0.395 1.70 0.365 0.25 0.25 0.24 0.16 0.15 0.16
Films A50 A52 A53 A50 A52 A53 A50 A52 A53

HWHM. However, for A52 it increases by4°. Nanishiet al. reported that a large HWHM

is due to the presence of tilted domains alding (0002) directionThese tilted domains

give rise tostacking faults and dislocations whi@reknown to degrade the electrical

and optical properties of the films. We have taken into account the fact that this sample
was grown ata temperture of 650 °C which isthe dissociation temperature for InN.
This implies that there are In aggregates which degrade the crystalline quality of these
films [5].

3.4. Photoluminescence

PL measurements were made on all the damat 7 K andoom temperature. Samples
A65, A69 and A70 showed no luminescence at all. Among the three samples the minimum
and maximum PL emissioreaks were centred at 0.68 eV at 7 K and at 0.78 eV for room
temperature measurements. The PL gpefttr these samples are shown belovFig. 6a
Wefind that A52 has the smallest PL band gap; in principle we should have A50 giving the
smallest PL band gap because of its good cjisgstructure and igh mobility. However
it does have the most intense signal. A53 and A52 have a PL intensity less than A50
(Fig. 63). In addition to that, the PL intensity decreases as the crystalline quality decreases.
A plot of PL intensgty at 7 K and at room temperature versus growth temperature is shown
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Fig. 5. HWHM (A¢) as a function of grovit temperaure.
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Fig. 6a. Photoluminescence spectrahaf samples at room temperature.

in Fig. 6b. It can be noted that the peak position shifts to higher energy with increasing

growthtemperatureq].

Fig. 6¢is the plot of band gap versus carriemcentration. A50 which gives the most
intense signal has the lowest carrier concentration (along with A52) due to its rather good
crystalline quality, which comes from it being prepared at high temperature (below the InN
dissociation tempature) wth a high V/Ill ratio—whereas A53 which has the least intense
signal has also the highest carrier concentration due to its lower growth temperature and
lower V/Ill ratio indicating poorer crystalline quality. A52 having the smallest PL band
gap gave the least intense signal even though it had the same carrier concentration as A50.



544 P. Singh et al. / Superlattices and Microstructures 36 (2004) 537-545

* PLbandgapat7K
0.84 =  PlLbandatRT

*

0.82 ™~
0.80]

A53

0.78
0.76 50
0.74

0.72

PL band (arbitrary units)

SN

0.70

)

0.68

T T T T
0,00E+000 1,00E+019 2,00E+019 3,00E+019 4,00E+019
Carrier concentration (cm™3)

Fig. 6b. PL band gaps of the samples obtained at roomdesyre and at 7 K as a function of growth temperature.
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Fig. 6¢. PL peak position as a function of carrier concentration.

3.5. Hall mobility

Fig. 7 is a plot of Hall mobility versus growth temperature. A50 exhibits the highest
hall mobility of 1300 cnd/V /s which ishigher than that of A53. High ¥ ratio or low In
flow usedduring the growth along with temperature rise have been reported to significantly
improve the electrical properties due to the filling up of nitrogen vacanc]eMpreover,
as shown above, it is of good crystalline quality and has a low carrier concentration.
A52 on the other hand had a small Hall mobility and as seen from the above this is due to
its low crystalline quality (dissociation of the InN bond).
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Fig. 7. Hall mobility as a function of growth temperature.

4. Conclusion

We have aidied MOCVD samples prepared belohetInN dssociation émperature
(450-575°C) and at the InN @sociation temperature 65C. On the otler hand, A52
prepared at the InN dissociation temperatgé®0 °C), even though it had a lower
roughness, the same carrier concentration as A50 and a smaller PL band gap, had a very
small PL signal and Hall mobility which isrmindication of its poor crystalline quality.

In this case thermal decomposition of the InN layer governs the electrical prop@&ities [
Among the samples grown below the dissticia temperature, A50 which was grown at
550°C had the best optical and electrical properties with flat topped islands. This can
probably be attributed to its optimum growth temperature apidl atio which improved

its Hall mobility.
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