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Growths of GaN on Si(111) – (7� 7) substrates by plasma-assisted molecular-beam epitaxy

(PA-MBE) have been studied. Optimal conditions of MBE and the effect of a low-temperature

(LT) buffer are followed. It is found that irrespective of the growth conditions and the growth

strategies (direct versus two-step growth), a thin amorphous-like interface layer always forms. For

smooth surfaces and better crystallinity of the epifilms, a LT-buffer preceding the high-temperature

deposition is helpful, and the grown GaN films are of nitrogen-polar. Transport measurements

of the heterojunctions of GaN on heavily p- and n-doped Si reveal ohmic behavior, whereas that of

n-GaN on lightly doped n�-Si substrate shows rectifying characteristics. VC 2011 American Institute
of Physics. [doi:10.1063/1.3658850]

I. INTRODUCTION

III-nitrides are proven semiconductors for modern

optoelectronic and microelectronic applications, including

light-emitting devices (LEDs) and field-effect transistors

(FETs).1–4 Their potentials for solar cell applications have

received increasing attention in recent years, as the band-

gaps of (Al,Ga,In)N match almost perfectly with the solar

spectrum.5–7 Indeed, a high power conversion efficiency is

expected for multijunction tandem cells made of InGaN.7–11

Theoretically, a maximum power conversion efficiency of

over 70% was predicted for a nitride-based tandem cell.12

Practically, however, making a fully nitride-based high effi-

ciency tandem cell is difficult. This is partly related to the

relatively inferior quality of nitride crystals grown epitax-

ially on some heterogeneous substrates, such as SiC and

sapphire, as well as to the problems associated with p-type

doping in nitrides.

To circumvent the problems associated with p-type

doping in nitrides, it has been proposed to grow readily

attainable n-type InxGa1-xN epilayers on p-type Si or Ge sub-

strate, so that heterogeneous p-n junctions are created for

photovoltaic characteristics.5,13,14 Si and Ge are attractive

because of the low cost as well as the well-established proc-

essing technology. In 2003, Yamaguchi et al. experimented

depositing InN and InGaN on p-type Si(111) by plasma-

assisted molecular-beam epitaxy (PA-MBE) and observed

the rectifying behavior of the junctions,5,13–15 whereas

Trybus et al. studied n-InN=p-Ge junction but observed no

rectifying property, probably due to charge accumulation at

the interface layers.16,17

Different from epitaxial nitride layers for FETs and

LEDs, where only the top region of the epifilms are device-

active, photovoltaic devices operate at the very interface

region of the heterojunction. Therefore, strategies used ear-

lier for obtaining high quality epitaxial nitride films on

Si, such as epitaxial lateral overgrowth18,19 and Pendeo-

epitaxy,20 may not be applicable for growing solar cell

structures. Yet, due to a chemical dissimilarity between III-

nitrides and Si, as well as the large lattice and thermal mis-

matches between the two, deposition of nitrides on clean Si

surface can be inherently difficult. Strain relaxation inevita-

bly leads to defect formation, degrading the transport proper-

ties of the junction. Therefore, it is challenging to achieve

high quality GaN=Si junctions for high performance solar

cells.

For direct growth of III-nitrides on unpatterned Si, a thin

crystalline Si3N4 layer formed by a nitridation process of the

substrate has been shown beneficial for subsequent deposi-

tion of GaN.21–23 Alternatively, one may resort to a metallic

surfactant layer or some novel buffer techniques.24–27

Although these techniques are said to lead to improved epi-

taxial films, their superiority in photovoltaic applications

remains to be demonstrated.

In this study, we carry out a systematic investigation of

GaN growth on clean Si(111) �(7� 7) without a priori sur-

face treatment. We find the two-step growth procedure is

helpful in obtaining single crystalline epifilms with smooth

surface morphologies. Based on reflection high-energy elec-

tron diffraction (RHEED) observations of the growing fronts,

we establish the optimal thickness of the low-temperature

(LT) buffer layer in the two-step growth procedure. The

grown GaN films are all of nitrogen (N)-polar, i.e., the top-

most layer of atoms of the grown GaN are nitrogen. Exami-

nations by transmission electron microscopy (TEM) reveal

the presence of an amorphous-like layer at GaN=Si interface,

which is not caused by the LT-growth procedure. Growth

without employing a LT-buffer even results in a thicker

amorphous-like layer at the heterointerface. Transport prop-

erties of GaN=Si junctions are characterized, which reveal

the rectifying behavior only for GaN=n�-Si junctions.a)Electronic mail: mhxie@hku.hk.
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II. EXPERIMENT

The growth experiments were conducted in a PA-MBE

reactor equipped with Knudsen cells for elemental gallium

(Ga) and a radio-frequency plasma unit (OAR HD-25) for

nitrogen flux. The latter was operated at powers of 100 – 300

Ws under a N2 flow rate of �0.2 sccm (standard cubic centi-

meters per minute), delivering fluxes of active N spices

(mostly neutral N atoms according to plasma spectrum anal-

ysis) in the range of 1.1� 3.4� 1014 cm�2s�1, or equiva-

lently 0.05� 0.15 GaN bilayers per second (BLs=s, where 1

BL¼ c=2 � 2.6 Å with c being the lattice constant of GaN

along [0001], the growth direction of the crystal). The flux of

Ga was controlled by the cell temperature, which was varied

for achieving different Ga:N flux ratios. In this investigation,

the deposition rate of the film was maintained the same,

which was �0.05 BLs=s, as determined by either N or Ga

flux in the Ga- or N-stable regimes, respectively.28 The

growing surfaces were monitored in real time by the RHEED

operating at 10 keV, where the diffraction patterns were cap-

tured by a charge-coupled device camera or a commercial

digital camera mounted on the phosphors screen. Both p-

and n-type Si(111) substrates were adopted for GaN epitaxy.

The commercial Si wafers were cut into 4� 11 mm2 rectan-

gular pieces followed by ultrasonic degreasing and cleaning

in solvents and deionized water repeatedly before being

loaded into the ultrahigh vacuum (UHV) system for degass-

ing at� 500 �C for several hours. Deoxidization of the sub-

strate was achieved by thermal flashing to temperatures as

high as �1200 �C through a direct current flowing through

the long side of the rectangular sample, after which clean

and (7� 7) reconstructed Si(111) surface was obtained as

characterized by the RHEED [Fig. 1(i)]. Afterward, the sam-

ple temperature was brought down to some specified values

(400� 800 �C) for GaN deposition. To initiate GaN growth,

shutters of Ga and N cells were opened simultaneously im-

mediately after the N-plasma was ignited. A short time inter-

val between N-plasma ignition and shutter-opening was

essential to prevent unintentional nitridation of Si. In this

experiment, we ensured the (7� 7) pattern of the substrate to

be observable by the RHEED at the time of source shutter

opening. For comparison, in some growth runs, a pretreat-

ment of Si(111)�(7� 7) surface by different Ga dosage was

conducted so as to minimize Si nitridation. However, little

change was found comparing to those grown on clean

Si(111). For the two-step growth procedure, an initial LT

(400 �C) buffer layer was deposited for a specified thickness,

followed by a HT (650 �C) deposition of a thicker film

on top.

The evolution of the surface as well as the crystallinity

of the epifilm at different growth stages were monitored and

evaluated by the RHEED. Particularly the width of the dif-

fraction streaks=spots and the interspot=streak spacing were

recorded. The grown samples were also characterized ex situ
by scanning electron microscopy (SEM), transmission elec-

tron microscope (TEM) and x-ray diffraction (XRD) for

morphological and structural information. For the purpose of

transport study, the concentrations of electrical carries in the

substrates (p- and n-Si) and in epifilms were characterized

by the Hall-effect measurements. Ohmic contacts to n-GaN

were made by depositing Al or ITO (indium tin oxide), while

those to p- and n-Si were achieved by depositing Al and Ag,

respectively. For the Hall measurement of epitaxial GaN

films, van der Pauw geometry with the electrodes deposited

on top of the films grown on lightly n-doped substrates are

adopted so as to minimize errors introduced by parallel con-

duction through the substrate. Indeed, the measured electron

doping in such GaN films ranged from 4� 1018 cm�3 to

1.4� 1020 cm�3 (depending on the conditions of MBE),

order of magnitude higher than that in the lightly n-doped Si

substrate (�2.0� 1015 cm�3). The current-voltage (I�V)

characteristics of GaN=Si heterojunctions were measured at

temperatures in the range of 18–400 K.

III. RESULTS AND DISCUSSIONS

The MBE conditions, such as the growth temperature

and Ga=N flux ratio, are first optimized for better surfaces

and crystallinity of epitaxial GaN films grown directly on

Si(111)�(7� 7). Afterwards, a two-step growth procedure is

explored, where the effect of the LT-buffer thickness is fol-

lowed by observations of the surfaces during the early state

depositions.

A. Effect of temperature and flux

To achieve better surfaces of crystalline GaN grown

directly on Si(111)�(7� 7), we first carried out an optimiza-

tion of the growth conditions of MBE. Figure 1 presents a se-

ries of the RHEED patterns taken at epifilms’ thicknesses of

(a) 5 BLs and (b) 20 BLs, but grown at (ii) 400 �C and (iii)

650 �C, respectively. The RHEED pattern of the starting

Si(111)�(7� 7) surface is given in (i). In this set of sam-

ples, the flux ratio between Ga and N has been kept at

0.88:1, so the growth was in the so-called N-stable regime.28

Growth at higher temperatures, e.g., 800 �C, were also

FIG. 1. RHEED patterns taken along GaN 11�20½ � direction from the surfa-

ces of epitaxial GaN-on-Si(111) at nominal thicknesses of (a) 5 BLs and (b)

20 BLs. Panels (ii) and (iii) refer to growth at temperatures of 400 and

650 �C, respectively, while the RHEED pattern (i) is from Si(111)�(7� 7)

substrate surface.
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attempted, but the RHEED shows no GaN nucleation but a

dominant nitridation process of Si as characterized by the

appearance of a (8� 8) pattern.29 At temperatures below

650 �C, we observe the surfaces quickly become amorphous-

like upon the initiation of GaN deposition as characterized

by diffusive RHEED patterns shown in Fig. 1(iia) and (iiia).

However, at 650 �C, a ring pattern emerges at a deposition

thickness of �20 BLs [Fig. 1(iiib)], suggesting a transition

from an amorphous layer to a polycrystalline film as the dep-

osition proceeds. For growth at lower temperatures, such a

transition is delayed, as suggested by the observations of Fig.

2, where the RHEED patterns taken from films deposited at

(a) 90 BLs, and (b) 630 and at temperatures of (i) 400 �C and

(ii) 650 �C, respectively, are presented. It is seen that at

400 �C, at the thickness of 630 BLs [Fig. 2(ib)], a polycrys-

talline film is evident (the ring patterns). At this thickness,

on the other hand, the polycrystalline film grown at 650 �C
has become single crystalline as suggested by the change of

the ring-pattern [Fig. 2(iia)] to a spotty one [Fig. 2(iib)].

Obviously, high temperature is favored for better crystallin-

ity of epitaxial GaN directly deposited on Si(111). Figure

2(ic) and 2(iic) show SEM micrographs of a �200 nm thick

sample grown at 400 and 650 �C, respectively, revealing the

morphology of the two films. It can be observed that the

crystalline grains size of the HT-film is 10 times larger than

that of the LT-film.

We have then experimented the effect of Ga:N flux ratio

on the surface and crystallinity of epitaxial GaN on

Si(111)�(7� 7). It is found that despite the similar behavior

of transformation of the initial diffusive diffraction pattern to

a ring pattern with increasing deposition thickness, higher

Ga=N flux ratios will lead to delays of such transitions. In

particular, growth under Ga-stable (Ga=N> 1) condition

does not improve the morphology and crystallinity of epitax-

ial GaN on Si(111), contrasting the cases on other substrates,

such as SiC and sapphire, for example.30–32 On the other

hand, too low a flux ratio (e.g.,< 0.7:1) may cause partial

nitridation of the substrate, forming amorphous SixNy that

may lead to facets and eventual degradation of crystal qual-

ity as evident from the SEM and XRD measurements. The

optimal flux ratio is found to be Ga:N� 0.77:1, which results

in epilayers showing the narrowest FWHM in the XRD rock-

ing curve measurements and better surfaces according to

SEM examinations.

From the above RHEED observations, it seems that

there is an initial amorphous layer growth stage upon GaN

deposition on clean Si. Formation of such an amorphous-like

layer may be related to the large lattice and thermal

mismatch between Si and GaN, and the amorphous-like

layer, in which atoms are less regularly arranged and the lat-

tices are more distorted than those of the crystalline sub-

strate, may help to accommodate=relieve the strain in

the system (i.e., there will be no coherency of the lattice at

the interface). In fact, by the RHEED measurement of in-

plane lattice parameters of the epifilms immediately after the

amorphous� crystalline transition, we note the films are

almost strain-free, or at most, slightly tensile-strained. It

seems that the majority of the strain is relived during the ini-

tial amorphous and=or polycrystalline layer growth stage.

B. Two-step growth: Effect of LT-buffer thickness

As shown in Figs. 1 and 2 above, a high temperature

leads to better crystallinity of epitaxial GaN on Si(111) for a

given thickness of the films. However, both the RHEED and

SEM experiments show the surfaces are rough and domi-

nated by grains or islands, which is far from the ideal smooth

morphology for application purposes. To improve the surfa-

ces, we experiment a two-step growth procedure, where a

LT-buffer layer is deposited prior to the HT film growth.

The effect of the LT-buffer thickness is investigated and a

minimal thickness of �3.3 nm is established for optimal

epitaxy.

In Fig. 3, we present the RHEED patterns of epitaxial

GaN at different thicknesses of deposition at 650 �C but with

a LT (400 �C) buffer of �6.6 nm thick. Clearly, the surface

morphology improves with film thickness as suggested from

the initially ring-like [Fig. 3(a)] to the intermediate spotty

[Fig. 3(b)] and finally to a streaky pattern [Fig. 3(c)]. Note

the appearance of the (3� 3) [Fig. 3(c)] and (6� 6) (not

shown) patterns of the surfaces, which indicates the N-

polarity of the film.33 We have also measured the spacing D
between the diffraction spots or streaks [refer to Fig. 3(d)]

for lattice parameter and residual strain in film. The lateral

width W of the (0004) spot or central diffraction streak is

also measured for film’s crystallinity and=or grain size. For

FIG. 2. RHEED patterns along GaN 11�20½ � of epitaxial GaN-on-Si(111) but

at thicknesses of (a) 90 BLs and (b) 630 BLs. Panels (i) and (ii) are for films

grown at 400 and 650 �C, respectively. (ic) and (iic) are SEM micrographs

showing the surfaces of �200 nm thick GaN films grown on Si(111) at 400

and 650 �C, respectively. The insets show the same surfaces with higher

magnification.

FIG. 3. (Color online) RHEED patterns along GaN 11�20½ � of epitaxial GaN

films deposited on Si(111) at 650 �C (HT) but with a �6.6 nm thick GaN

buffer deposited at 400 �C (LT) underneath. The HT-film thickness

for (a), (b), and (c) are 3, 36, and 250 nm, respectively. Panel (d) shows the

(average) intensity profile taken along lines in the region illustrated by the

dashed box in (b), from which the values of D and W are measured.
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these, line profiles crossing the diffraction spots and=or

streaks [dashed box in Fig. 3(b)] are first made, and the val-

ues of D refer to the distance between 01ð Þ and 0�1ð Þ streaks

while W’s are taken as the full width at half maximum

(FWHM) of the intensity profile. Figure 4(a) summarizes the

results for samples of different thicknesses, and the data of

varying LT-buffer thickness are compared. For reference,

samples grown directly on Si(111) at 650 �C without the LT-

buffer are also shown (represented by open triangles in

figure). The recorded evolutions of the lattice parameter

a! 1=D, where a is the in-plane lattice constant of the epi-

film, are also included in the figure, from which one observes

that the majority of lattice misfit strain has been relieved in

the very early stage of deposition and it remains approxi-

mately unchanged during later stage depositions for greater

thicknesses. On the other hand, all the films appear to contain

a minute amount of residual strain, although the amount of

the residual strain is reduced in films with the LT-buffer.

Second, when comparing the measured W for samples with

and without the LT-buffers, one observes apparent improve-

ment of crystal quality by adopting the LT-buffer, as implied

by the reduced W. Increasing the thickness of the LT-buffer

(d), the width of the diffraction spot=streak (W) becomes

narrower until d reaches �3.3 nm, beyond which, further

increasing d no longer brings in further obvious decrease of

W. In all cases, the thicker the sample, the better the film’s

quality as judged by continuous narrowing of the diffraction

patterns with increasing film thickness.

As is known, the value of W of the RHEED reflects the

crystallinity and=or grain sizes of the epifilm near the surface

region. To determine the dominant factor affecting the

changes in W, we carried out XRD rocking curve measure-

ments of the epifilms having the same total thickness of

�250 nm but using different thicknesses of the LT-buffers.

Figure 4(b) summarizes the results, where the FWHM of

GaN (0002) diffraction rocking curves (see inset) are plotted.

SEM micrographs from the same set of samples are also

shown in figure, depicting the grain sizes of the epifilms. As

is evident, increasing the LT-buffer thickness, the FWHM of

the XRD rocking curves becomes smaller, indicating contin-

uous improvement of the crystallinity of the epifilms.

Consistent with the RHEED data, significant effect occurs

for the LT-buffers of �3.3 nm thick. Beyond d� 3.3 nm, the

effect is not as dramatic. On the other hand, from the SEM

images, one notes no significant improvement in lateral grain

size by increasing d. Therefore, we assert that by incorporat-

ing a LT-buffer, crystal’s structural quality is improved in

terms of defect suppression rather than enlargement of grain

sizes. This can be further supported by the TEM experiments

of the samples as detailed below.

Recall that both the LT- and HT-depositions of GaN

directly on Si(111) result in formation of amorphous layers

according to the RHEED observations (i.e., diffusive pat-

terns). This is further evidenced by the TEM measurements of

the samples as presented in Fig. 5, where Figs. 5(a) and 5(b)

FIG. 4. (Color online) (a) Evolution of the RHEED pattern width (W) as a

function of HT-film thickness. Different curves show results for different

LT-buffer thickness. The evolutions of in-plane lattice constant as derived

from D are also shown, comparing that of strain-free Si and GaN (dash-

dotted lines). (b) FWHM of the XRD rocking curve (RC) of GaN(0002) dif-

fraction for �250 nm thick GaN films grown at 650 �C but having different

LT-buffer thicknesses. The inset shows the original XRD curves, and the

SEM micrographs are for samples indicated by arrows.

FIG. 5. TEM micrographs (zone axis: Si[110]) of GaN-on-Si(111) samples

grown at 650 �C without (a, b) and with (c, d) a �6.6 nm thick LT-buffer.

The high resolution images of (a) and (c) reveal the presence of amorphous-

like interface layers, while in (b) and (d), threading defects in epifilms are

revealed. The inset in (d) shows the selective area diffraction pattern of the

sample.
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show cross-sectional TEM micrographs at different magnifi-

cations of a GaN=Si sample grown at 650 �C without the LT-

buffer, while Figs. 5(c) and 5(d) are the results of a sample

having a �6.6-nm-thick LT-buffer. First, from the high-

resolution TEM micrographs [Figs. 5(a) and 5(c)], one notes

that for directly grown film without the LT-buffer, the bright

amorphous-like layer appears thicker than the sample with

the LT-buffer. Associated with this is a higher density of

threading defects in the directly-grown film [Fig. 5(b)] and

the larger residual strain [Fig. 4(a)]. So, adopting a LT-

buffer seems to be advantageous to strain relaxation and

improving crystal quality.

It will be interesting and important to examine in more

detail of the identity of the bright amorphous-like layers at

the heterointerface. First, we assert that they are indeed dom-

inantly amorphous rather than a TEM artifact of a highly

misoriented region. To ensure this, we carried out examina-

tions of a specimen at varying rotation angles (up to 3�) rela-

tive to the e-beam of the TEM and found little change in

structure and contrast of the bright amorphous-like region.

We may thus rule out the effect of lattice rotation and=or dis-

tortion causing the amorphous-like feature in TEM. Particu-

larly, we do not observe periodic lattice features in this

region, being consistent with the assignment of an amor-

phous layer. This would agree with the diffusive RHEED

patterns presented earlier. As for the composition of this

region, due to its narrowness, an energy-dispersive x-ray

spectroscopy measurement becomes unreliable. However,

considering the highly reactive spices of N atoms and ions

from the plasma source, formation of SixNy is likely. On the

other hand, as remarked earlier, we commenced the deposi-

tion immediately after the plasma was ignited, at which the

(7� 7) pattern of Si(111) remained visible in the RHEED,

the effect of surface nitridation was minimized. We even

attempted protecting the Si surface by depositing a coverage

of Ga prior to N plasma ignition and observed little differ-

ence from that without the Ga predeposition. Added by the

persistent diffusive RHEED pattern after a thickness of GaN

deposition, we suggest the amorphous-like layer also con-

tains a highly disordered or amorphous GaN.

The question is how a crystalline (though highly

defected) film eventually form and grow on top of such an

amorphous film. This is unclear at the moment, but we may

make some speculations. Since the initial diffusive RHEED

pattern lasted for a longer time period than the thickness of

the TEM data would suggest, we assume there might be a

solid state crystallization as the deposition proceeds, particu-

larly at elevated temperatures. Such crystallization process

may preferably happen at or near the surface region. Once

crystalline GaN nuclei form, they will then act as the seeds

for further growth of a crystalline film on top and catalyze

further crystallization of the amorphous layer below. We

tried to anneal the LT-buffer at 650 �C without deposition

and observed a change of the RHEED from the initial diffu-

sive pattern to rings and finally to spots, signaling a crystalli-

zation process by annealing itself. We may not even rule out

the presence of small GaN crystallites in the amorphous

layer itself, although our TEM studies have not provided a

direct evidence for that. If such small crystallites exist, they

can be the natural seeds for later stage growth of a crystalline

film over the amorphous region.

C. Transport properties of GaN=Si heterojunctions

Measurements of the transport behavior across the heter-

ojunctions of GaN=Si have been made on samples grown

using the two-step method. GaN films grown on both p- and

n-type Si(111) substrates are tested. The electrical carrier

concentrations of the substrate as well as that of the GaN

films are characterized by Hall effect measurements. We

note that the thickness of the LT-buffer layer affects the

background doping level. The thicker the LT-buffer, the

lower the background doping is. Here, the p-type substrate

has a hole concentration of 1.2� 1019 cm�3, and the n-type

Si have electron concentrations of 2.3� 1019 (nþ) and

� 2.0� 1015 cm�3 (n�) for the types (heavy and lightly

doped) of wafers, respectively.

Figure 6(a) depicts typical I�V characteristics of junc-

tions of (i) GaN=p-Si, and (ii) GaN=n�-Si, respectively. To

our surprise, all the GaN=p-Si junctions exhibit ohmic

behavior, so are the GaN=nþ-Si junctions (not shown). Only

samples grown on lightly phosphor doped Si, i.e., the

GaN=n�-Si junction, exhibited the rectifying behavior. For

the latter, it is also puzzling about the forward-bias direction,

i.e., the GaN side is at the higher electrical potential. In some

FIG. 6. (Color online) (a) Room-temperature I�V characteristics of hetero-

junctions of (i) GaN=p-Si (Al electrodes) and (ii) GaN=n�-Si (ITO and Ag

electrodes for GaN and n�-Si, respectively). The inset shows, in a semi-

logarithm plot, the forward-bias I�V data obtained at different temperatures

between 18 and 400 K. (b) Current-temperature (I�T) dependence at differ-

ent forward-bias conditions. The inset shows the same data in an Arrhenius

plot.
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previous experiments of GaN growth on Si by metal organic

vapor phase epitaxy at high temperatures (�1000 �C), an

effect of melt back etching of Si, or some interdiffusion=
alloying of Ga and Si at the heterointerface was

observed.34,35 For the MBE films grown at low temperatures,

it is unclear if a similar effect takes place, though in the

TEM micrographs we do observe some contrast difference

on the Si side between regions near the interface and in bulk.

If Ga diffusion in Si does occur, it will generate p-type dop-

ing in the otherwise n�-type substrate, resulting in a p-n
junction. However, even if it is the case, the obtained I�V
data remain difficult to understand, not to say Ga diffusion is

very limited at the temperatures of MBE process (650 �C)

according to the literature.36–38

In the inset of Fig. 6(a), we show the I-V data measured

at different temperatures (18 – 400 K) and plotted in a semi-

logarithm plot. As is evident, the forward-bias current is far

from the simple exponential relation expected from simple

thermionic emission or tunneling mechanisms,39–42 even if

the series resistance effect is taken into account. Despite this,

we attempted to fit the data in the low-current condition by a

relation I ¼ I0 exp qV=gkTð Þ, where I0 and g are the satura-

tion current and ideality factor, respectively, and q, k, and T
stand for the magnitude of electron charge, the Boltzmann

constant and absolute temperature, respectively. The fitting

parameter of g was found to be in the range of a few tens,

signifying the non-conformity of the transport behavior to

the above mentioned mechanisms.

To provide further details of the I�V characteristics,

we present in Fig. 6(b) a temperature dependence of the

forward-bias current at different bias voltage conditions,

while the inset shows the same data in an Arrhenius plot. It

can be seen that two main temperature regimes may be dis-

tinguished. At low temperatures (<240 K), the current is

only weakly dependent on temperature. The log(I)� 1=T
relation may be approximated by a straight line, and the

slope does not seem to depend on the bias. At high temp-

eratures, on the other hand, a much stronger dependence

between I and T is noted. So, we may infer that completely

different mechanisms dominate the transport behavior in the

two temperature regimes. Due to the presence of a thin amor-

phous layer at the heterointerface of GaN=Si and high den-

sities of defects such as dislocations, the exact mechanism(s)

require more detailed analyses and further experimental

investigations.

IV. SUMMARY

A systematic investigation of GaN epitaxial growth on

Si(111) without a priori surface treatment has been carried

out. N-stable flux condition and relative high growth temper-

ature favor better films. However, a two-step procedure,

where a LT-buffer precedes HT-film deposition, seems

essential to achieving a smooth surface as well as better

crystallinity of an epitaxial GaN. Irrespective of the growth

conditions and the strategy (direct versus two-step growth),

an amorphous interface layer forms. Transport measure-

ments of the heterojunctions reveal ohmic behavior for

both GaN=p-GaN and GaN=nþ-Si junctions, but rectifying

characteristics for GaN=n�-Si junctions. Temperature de-

pendence of the I�V data reveals complications of the trans-

port properties, which cannot be explained by simple

processes.
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