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Phase pure wurtzite GaN films were grown on Si (100) substrates by introducing a silicon nitride
layer followed by low temperature GaN growth as buffer layers. GaN films grown directly on Si
(100) were found to be phase mixtured, containing both cubic (f) and hexagonal () modifications.
The x-ray diffraction (XRD), scanning electron microscopy (SEM), photoluminescence (PL)
spectroscopy studies reveal that the significant enhancement in the structural as well as in the optical
properties of GaN films grown with silicon nitride buffer layer grown at 800 °C when compared to
the samples grown in the absence of silicon nitride buffer layer and with silicon nitride buffer layer
grown at 600°C. Core-level photoelectron spectroscopy of Si\N, layers reveals the sources
for superior qualities of GaN epilayers grown with the high temperature substrate nitridation
process. The discussion has been carried out on the typical inverted rectification behavior exhibited
by n-GaN/p-Si heterojunctions. Considerable modulation in the transport mechanism was observed
with the nitridation conditions. The heterojunction fabricated with the sample of substrate nitridation
at high temperature exhibited superior rectifying nature with reduced trap concentrations. Lowest
ideality factors (~1.5) were observed in the heterojunctions grown with high temperature substrate
nitridation which is attributed to the recombination tunneling at the space charge region transport
mechanism at lower voltages and at higher voltages space charge limited current conduction is the
dominating transport mechanism. Whereas, thermally generated carrier tunneling and recombination
tunneling are the dominating transport mechanisms in the heterojunctions grown without substrate
nitridation and low temperature substrate nitridation, respectively. © 2011 American Institute of

Physics. [doi:10.1063/1.3658867]

INTRODUCTION

The growth of device quality GaN based heterostruc-
tures on Si substrates is of huge interest in terms of cost,
availability, processing, and integration.' Hexagonal GaN
has been already successfully deposited on Si (111) sub-
strates either by metalorganic chemical vapor deposition®
(MOCVD) or by molecular beam epitaxy** (MBE) methods,
in spite of the difficulties related to the very high reactivity
of the silicon surface with nitrogen, the large lattice mis-
match (—16.2%), and the large difference in thermal expan-
sion coefficient (113%). However, from the point of view of
integrating GaN devices with silicon technology, the Si
(100) substrate is preferred as it is the most widely used in
silicon mainstream technology.

Contrary to the (111) plane, the (100) plane of silicon
does not possess a sixfold symmetry but a fourfold symmetry,
which is more suitable for the epitaxial growth of a cubic
phase. Nevertheless, the (-GaN) cubic phase is metastable,
and the thermodynamically stable hexagonal GaN phase could
be grown on the (100) plane. A few attempts to grow compact
epilayers of GaN on Si (100) aimed either to obtain pure cubic
phase GaN (Ref. 1) or wurtzite GaN avoiding cubic inclusions
by means of complex buffer structures.” Wurtzite GaN films
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were grown on silicon nitride buffer layers formed on Si (111)
substrates by radio frequency - MBE (RF-MBE) (Ref. 3) and
concluded that the single crystalline wurtzite GaN was grown on
the buffer layers of stoichiometric silicon nitride buffer layers.
Recently we reported the negative differential capaci-
tance behavior in n-GaN /p-Si heterojunctions.5 However, to
our knowledge no previous report is evident on the transport
characteristic studies of the GaN/p-Si heterojunction and the
effect of substrate nitridation on it. This report focuses on
the effect of substrate nitridation and substrate nitridation
temperature on structural and optical properties of wurtzite
GaN films grown on Si (100) substrates followed by detailed
transport properties of the GaN /p-Si heterojunction.

EXPERIMENTAL

The MBE system employed in this series of growth is
equipped with the radio-frequency nitrogen plasma source.
The GaN films were grown under a base vacuum better than
1x107'° mbar on ultrasonically cleaned p-Si (100) wafers
etched with 10% hydrofluoric acid followed by thermal
cleaning at 900 °C under UHV for 1 h. Three samples were
grown in the present series at different nitridation conditions,
viz., in the absence of substrate nitridation, grown with
substrate nitridation at 600 °C and substrate nitridation at
800 °C. The duration of substrate nitridation was 30 min and
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was carried out by employing the nitrogen plasma. The nitro-
gen flow rate, RF-plasma powers were kept at 0.5 sccm, 350
W for substrate nitridation and for all the growths. Other
than these parameters, the Gallium beam equivalent pressure
(BEP) was maintained at 5.6 x 10~/ mbar for the whole se-
ries. The growth of the GaN buffer layer was carried out at
the temperature of 500 °C for 15 min followed by the high
temperature epilayer growth. The high temperature growth
was carried out at 650 °C for 3 h. The structural characteriza-
tions of the as grown samples were carried out by x-ray dif-
fraction (XRD) and scanning electron microscopy (SEM).
Core-level photoelectron spectroscopy was carried out to an-
alyze the nature of the Si,N, layer. Besides, the emission
properties of the GaN films were investigated by room tem-
perature photoluminescence (RT PL) spectroscopy using the
325 nm line of a He-Cd laser as an excitation source. The
aluminum contact metallization on Si and GaN was done by
thermal evaporation technique for transport studies. The con-
tacts were annealed at 200 °C for 15 min for better adhesion
to the film. The device transport characteristics were studied
at room temperature using the probe station attached with
the KIETHLY 236 source measure unit.

RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern obtained for all the
three samples. Samples grown without substrate nitridation
depict the phase mixtured nature (Fig. 1(a)), i.e., zinc blende
(002) and wurtzite (0002) at 40° and 34.5°,° respectively.
Figures 1(b) and 1(c) show the XRD pattern of the samples
grown with low and high temperature substrate nitridation,
respectively, phase pure wurtzite (0002) reflection without
any inclusions of cubic phase was obtained. The full width at
half maximum (FWHM) of the (0002) peak of samples
grown in the absence of substrate nitridation, low tempera-
ture nitridation, and high temperature nitridation are given
by 0.148°, 0.131°, 0.106°, respectively. The peak intensity
corresponding to the GaN (0002) increased with the substrate
nitridation temperature.

The nitridation of the Si surface at high temperature
causes the formation of the Si,N, buffer layer’ which breaks
off the perfect registry between Si (100) (which exhibits
fourfold symmetry) and GaN, and avoids® the nucleation of
p-GaN (cubic). On the other hand, the direct growth of GaN
on Si also causes the amorphous Si Ny patches (regions) at
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the interface due to the high reactivity of Si and N.® The
nucleation and initial growth of a-GaN occurs on top of these
regions. In addition to this, the interfacial regions where
GaN and Si are not in perfect registry with each other, misor-
iented GaN grains together with a high density of stacking
faults can also induce the nucleation of «-GaN. Other than
these two regions, the nucleation of cubic (f)-GaN occurs,’
causing a phase mixture. Hence the nitridation of the Si sur-
face favors the growth of wurtzite GaN. The morphological
SEM images are shown in Fig. 2 for all the three samples.
The images reveal nano sized grain distribution of the GaN
thin films grown at different nitridation conditions. While
the films grown at high temperature nitridation were densely
packed, the films grown at low temperature nitridation and
absence of nitridation tended to be slightly porous. This
could be explained as follows: The crystalline quality of the
stoichiometric SizN, layer increases as the temperature of
nitridation increases which provides better under layer for
the growth of GaN epitaxy.

Core-level photoelectron spectroscopy was carried out
to determine the sources for the superior quality of GaN epi-
layers. The chemical bonding states of the SiyNy surface was
determined using Al Ko (hv= 1486.6 eV) radiation. Figure 3
shows the Si 2p core-level spectra for SiyNy layers formed at
the nitridation temperature of 600°C and 800 °C, respec-
tively. The core-level spectra have been numerically fitted
using Lorentzian convoluted with a Gaussian function. A Si
atom is bonded to 4 N atoms (Si*") and a N atom is bonded
to 3 Si atoms in the stoichiometric silicon nitride.” Hence
only the component with Si*" is expected. But at the inter-
face, two more coordinations are required, namely, Si*" and
Si'*, for an ideal matching between the silicon nitride and Si
lattices.® The decomposition is shown in the figure, with one
bulk along with three other components. The binding ener-
gies with respect to bulk position are at+0.61, +2.23,
+3.09 eV for Si't, Si*", and Si*", respectively. Similar
work has been reported by Lee er al.” recently. The approxi-
mate ratios between the Si'", Si**, and Si*" components are
0.3:0.3:0.4 and 0.2:0.1:0.7 for the SiyN, layers of the sam-
ples of low and high temperature substrate nitridations,
respectively. Hence the intensity of the stoichiometric com-
ponent has drastically been increased in the sample of high
temperature nitridation. Collectively one can conclude that
the quality of the silicon nitride layer notably affects the
properties of GaN epilayers.
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FIG. 1. (Color online) The HRXRD pattern of the GaN films grown with (a) absence of nitridation, (b) nitridation at 600 °C, and (c) nitridation at 800 °C.
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FIG. 2. SEM images of the GaN films grown with (a) absence of nitridation,
(b) nitridation at 600 °C, and (c) nitridation at 800 °C.

PL spectroscopy was performed to investigate the opti-
cal transitions; hence the quality of the GaN films grown at
different substrate nitridation conditions. Figure 4 shows the
RT PL spectra for all the three samples. These spectra show
a strong emission peak at 3.44 eV corresponding of the free
excitonic (FX) transition. The narrow linewidth, such as
90 meV was observed for the sample grown with high tem-
perature substrate nitridation. This linewidth is comparable
to the previous report of GaN grown on Si (100) with the
AIN buffer layer.'® For the other two samples the FWHM
was found to be higher due to the reduced crystallinity com-
pared to the sample grown with high temperature nitridation.
Along with the FX peak, the donor acceptor pair (DAP)
transition was also observed at the energy of 3.26 eV, which
is attributed to a transition from shallow donor to shallow
acceptor. This transition indicates that the samples are
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FIG. 3. (Color online) Si 2p core-level spectra of silicon nitride layers
formed on the Si (100) surface at the nitridation temperatures of (a) 600 °C
and (b) 800°C.

unintentionally doped. A significant redshift in the DAP
peak was observed in the sample with mixed phase. This
shift might be due to the contribution of the lower bandgap
of the cubic GaN (3.2 eV).!! No yellow luminescence (YL)
was found in any of the samples.
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FIG. 4. (Color online) Room temperature photoluminescence spectra of the
GaN films grown with (a) absence of nitridation, (b) nitridation at 600 °C,
and (c) nitridation at 800 °C.
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The I-V characteristics of n-GaN/p-Si heterojunctions
exhibit an interesting inverted rectification behavior irrespec-
tive of nitridation conditions. This type of behavior was also
found in p-ZnO/n-Si heterojunctions elsewhere.'? The possi-
ble band alignment diagram of n-GaN/p-Si is shown in
Fig. 5, certainly abnegates the possibility of interband tun-
neling. As we know, the bandgaps and electron affinities of
Si and GaN are 1.12, 3.4, 4.05, and 3.1 eV,13 respectively,
hence the conduction band offset, i.e., ygan—xsi=AEc
(0.95 eV) is much smaller than the valence band offset,
i.e., AEv = AEg-AEc (1.33 eV). A quantum well for elec-
trons is formed on the p-Si side as shown in the band align-
ment diagram. The Si is inverted in the interface when
connecting to n-GaN. Hence, during the forward operation
(positive bias on n-GaN) of the heterojunction diode elec-
trons would overcome the Schottky barrier (i.e., effective
band offset in the conduction band edge or the Fermi level in
the inverted Si quantum well to the conduction band edge of
GaN in the interface). In other words, the negative voltage
polarity on p-Si results in the rectifying characteristics along
with the transport of electrons from Si to GaN. These diodes
behave like “n-type” Schottky diode due to dominated elec-
tron transport rather than bipolar transport in a regular p-n
junction diode. Here the smaller bandgap material Si is com-
parable to the metal and the conduction band offset is equiv-
alent to a Schottky barrier in an n-type diode. The reverse
operation (positive bias on p-Si) results in a saturated current
in the forward bias such as the reverse bias characteristic of
a normal diode.

RT current voltage (I-V) characteristics of the GaN /p-Si
(100) heterojunctions were measured and the behavior is
shown in Fig. 6. The ohmic nature of the aluminum contact
with Si as well as GaN was confirmed. All three diodes
exhibit the turn on voltage of about 0.4 V, but the allowing
current at turn on voltage is strongly dependent on the nitri-
dation conditions. Samples grown in the absence of substrate
nitridation and low temperature nitridation allows the current
in the order of 107* A and 10~ A, respectively. The non-
stoichiometric SiyN, layer present in the sample with low
temperature substrate nitridation acts as a thin insulator layer
which reduces the current flow. Both the diodes show similar
rectifying behavior with the on/off ratio of ~11 at 3 V. But

1.12eV

Si 3N4 p-Si

n-GaN

FIG. 5. Schematic energy band alignment diagram of the n-GaN/Si,Ny/p-
Si heterojunction under thermal equilibrium.
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FIG. 6. (Color online) Room temperature [-V characteristics of the GaN/p-
Si heterojunctions grown with (a) absence of nitridation, (b) nitridation at
600 °C, and (c) nitridation at 800 °C.

the diode with high temperature substrate nitridation exhibits
a current of 10~® A at the turn on voltage. Though it shows a
noticeable reduction in the forward current, it exhibits the
best rectifying behavior with on/off ratio ~230 at 3 V. The
leakage current in this diode was found to be in the order of
1077 A. A drastic reduction in the leakage current is attrib-
uted to the low defect concentration or trap centers in the
film or interfacial layer due the introduction of stoichiomet-
ric Si3N, buffer layer.

The I-V curves of all the three diodes were fitted at low
voltage regions (< 0.5 V) by using the standard diode

equation,
qV
I =1 — ) —1]. 1
oo lGir) - @

The diode grown with the absence of substrate nitridation
showed the highest ideality factor, 17 ~ 6 and the diode fabri-
cated with low temperature substrate nitridation resulted in
an ideality factor of ~4. The ideality factors greater than
2 indicate a nonideal nature of the diodes. The high ideality
factor often attributed to the presence of defect states which
causes the deep level assisted tunneling'* or lateral in homo-
geneities of the barrier height at the interfaces.'” The diode
fabricated with high temperature substrate nitridation
showed an ideality factor ~1.5. This behavior clearly shows
transport is governed by the recombination at space charge
region mechanism at low voltages.
The saturation current (/) should have the form,

I, = AA*T? exp (— %) )

according to the thermionic emission model, where A is the
contact area of the junction, A* is the Richardson constant
(112 A cm 2 K72 for n-Si, due to inverted rectiﬁcationlﬁ),
and ¢, is the effective barrier height. At RT ¢, is obtained to
be 0.63 eV, 0.71 eV, 0.82 eV for the diodes grown with the
absence of nitridation, low temperature nitridation, and high
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temperature nitridation, respectively. Obtained barrier height
values confirm the tunneling of carriers in the samples grown
without nitridation as well as low temperature nitridation.
Further, the barrier height observed in the case of heterojunc-
tions grown with high temperature nitridation, i.e., 0.82 eV
is in close agreement with the conduction band offset of
GaN/Si heterojunction i.e., 0.95 eV, which abnegates the
thermally generated carrier tunneling.

For the further investigation of transport mechanisms at
lower as well as higher voltages, the log-log plots of the
room temperature forward /-V data have been studied. Figure
7 shows the log-log plot of the three diodes of different nitri-
dation conditions. Three distinct regions were observed
depending on the applied voltage, which were assigned as
region I, II, ITI. At low forward voltage (region I), the current
transport follows a linear ohmic behavior (I o V) which is
attributed to the thermally generated carrier tunneling.'” The
region I for the heterojunction grown in absence of nitrida-
tion is much wider than that of the samples grown with sub-
strate nitridation, and regions II and III were not observed.
This behavior may also be caused by the presence of a large
trap concentration. In the sample grown with low tempera-
ture nitridation, the observed region I is very short (< 0.3 V)
and region II was observed in the range of 0.3-0.8 V, in
which the current increases exponentially and follows a rela-
tion of I ~exp(aV), and is attributed to the recombination
tunneling mechanism which is frequently observed in wide
bandgap heterojunctions.'” In the sample grown with high
temperature nitridation the region I was not observed which
indicates that the drastic reduction in the trap concentration
due to the increase in the quality of the silicon nitride layer
and hence of the GaN layers and region II was observed
in the voltage range of V< 0.4 V. The constant o can be
given as

o= (8/2h)(my = &) *Np /INY*(No +Np)),  (3)

10°
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10 E'
1t |-
10° 3

&
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Current (A)
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“]-10 I L
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FIG. 7. (Color online) Log-log plots of the current-voltage characteristic
under forward bias for diodes grown with (a) the absence of nitridation, (b)
low temperature nitridation, and (c) high temperature nitridation.
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where & is Planck’s constant, m,* is the effective mass of
holes, ¢, is the dielectric constant of GaN, Nj is the donor
concentration of GaN films, N, is the acceptor concentration
of the p-Si substrate. By fitting region II of the curves, o is
evaluated to be 14 V™' and 15 V' for the devices fabricated
with low temperature substrate nitridation and high tempera-
ture substrate nitridation, respectively. A larger value of «
indicates higher carrier injection. This region signifies the
injected carriers will exceed the thermally generated carriers
and fill the unoccupied traps.'”

In the substrate nitrided samples the region III was well
pronounced in which the current follows the dependence of
I~V?. This square law dependence is generally observed in
the wide bandgap semiconductors and it is reported to be
attributed to the space-charge-limited current (SCLC) con-
duction. The similar conduction mechanisms heve been
observed by Shen et al.'® and Liu er al.'” for their GaN
Schottky diodes and n-ZnO nanorods/p-Si heterojunction
diodes, respectively. The SCLC phenomenon is caused by
the different offsets of the conduction band and valence band
at the junction interface of n-GaN and p-Si as shown in the
n-GaN/p-Si band alignment diagram in Fig. 5. (Though the
formation of Siz;N, layer is intentional, thickness must be
very low, confirmed by the XPS. A systematic TEM studies
done by Yang et al.® also reports the low thickness (< 5 nm)
of the SizN, layer. The SisNy layer is located at the space
charge region of the n-GaN/p-Si diode; it would certainly
allow the carriers to tunnel through.) The energetic barrier
for electrons is less than the barrier for holes. So the injection
current is dominated by the injected electrons under the for-
ward voltage and the single carrier current forms as shown in
Fig. 5. Further, when the injected carriers completely fill all
the traps, the injected current follows the square law SCLC
behavior. The sample with the absence of substrate nitrida-
tion does not show the SCLC behavior. The sample with low
temperature nitridation follows the SCLC behavior after the
forward bias gets to 0.9 V and for the sample with high tem-
perature nitridation is 0.5, which means that more traps exist
in the sample with the absence of nitridation and a larger
trap filled limit voltage (Vrgr) is required to completely fill
these traps.'” Whereas, the samples with nitridation, shows a
rapid transition from exponential to SCLC region and Vg,
is much smaller than the sample with the absence of nitrida-
tion, which can be attributed to the presence of fewer traps
and larger injection of carriers.

CONCLUSIONS

The effect of substrate nitridation and nitridation tem-
perature on the growth and properties of GaN epifilms on the
Si (100) substrate by MBE has been studied. The GaN films
grown directly on Si (100) substrates contain mixed phases,
i.e., wurtzite along with the zinc blende, which was con-
firmed by XRD and PL results. Nitridation of Si surface
favors the growth of phase pure wurtzite GaN on it. Core-
level photoelectron spectroscopy of silicon nitride layers
reveal the sources for the superior quality of GaN epilayers
grown with the high temperature substrate nitridation
process. Typical inverted rectification behavior of the
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n-GaN/p-Si heterojunction had been discussed. A systematic
variation in the barrier heights as well as in the ideality fac-
tors obtained for GaN/p-Si heterojunctions confirms the
modulations in transport mechanisms with different nitrida-
tion conditions. The heterojunctions grown in the absence of
substrate nitridation exhibits thermally generated carrier tun-
neling as the dominating transport mechanism and the
defects present in the lattice and interfaces act as nonradia-
tive centers to reduce the UV emission and also work as trap
centers to capture the injected electrons and degrade the
injection current. In the case of low temperature substrate
nitridation, though the intensity of UV emission has
improved and ideality factors were reduced (~4), the exis-
tence of the trap centers was confirmed. The recombination
tunneling is the major transport mechanism at higher vol-
tages. The high temperature substrate nitridation certainly
reduced the structural imperfections as well as shallow or
deep traps in the energy band; as a consequence the crystal-
line quality of the GaN films was increased indicated by
XRD and band to band emission in the PL spectra. The sharp
and narrow linewidth of the PL shows the reasonably low
intrinsic carrier density and high crystalline quality. This
improved the electrical transport performance of the hetero-
junction. At the low voltages recombination tunneling at the
space charge region is the transport mechanism and at higher
voltages space charge limited current conduction is the dom-
inating transport mechanism.
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