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GaN films were grown on c-plane sapphire by plasma-assisted molecular beam epitaxy (PAMBE).

The effect of N/Ga flux ratio on structural, morphological, and optical properties was studied. The disloca-

tion density found to increase with increasing the N/Ga ratio. The surface morphology of the films

as seen by scanning electron microscopy shows pits on the surface and found that the pit density on

the surface increases with N/Ga ratio. The room temperature photoluminescence study reveals the

shift in band-edge emission toward the lower energy with increase in N/Ga ratio. This is believed

to arise from the reduction in compressive stress in the films as is evidenced by room temperature

Raman study. The transport studied on the Pt/GaN Schottky diodes showed a significant increase in

leakage current with an increase in N/Ga ratio and was found to be caused by the increase in pit

density as well as increase in dislocation density in the GaN films. VC 2011 American Institute of

Physics. [doi:10.1063/1.3634116]

I. INTRODUCTION

In recent times, GaN-based materials have received con-

siderable attention due to their potential applications in light-

emitting diodes (LEDs), high electron mobility transistor

(HEMTs), laser diodes, UV detectors, and high temperature/

high power electronics.1–5 The most attractive property of

GaN is its direct wide bandgap (�3.4 eV),6 which allows an

efficient emission at room temperature. GaN can be alloyed

with AlN and InN,7–9 which allows tuning of the bandgap

and emission wavelength ranging from ultraviolet (UV) to

near infrared (IR) region. However, since the lattice parame-

ter and thermal expansion coefficient of GaN are not well

matched to the under lying sapphire substrate, the epitaxial

growth of GaN generates huge densities of dislocations,10–12

which largely affects the electronic and optical properties.

However, there are some novel methods like epitaxial lateral

overgrowth (ELO),13 use of appropriate nucleation layers,14

etc. that can reduce the density of dislocation in the films

and may lead to improvements in the performance of GaN-

based optoelectronic devices. The understanding of the

growth condition of GaN films and its effect on metal con-

tacts to GaN are also an important issue, because the per-

formance of the GaN based devices can be limited by the

quality of the films. In this work, we have grown GaN epi-

taxial films on c-sapphire by plasma assisted molecular beam

epitaxy with different N/Ga flux ratio and studied the effect

of flux ratio on structural and optical properties. The electri-

cal characteristics of Schottky contacts to GaN have also

been investigated. In regard to Schottky behavior study, we

have fabricated Pt/GaN Schottky diodes and studied the

effects of N/Ga flux ratio on electrical characteristics based

on thermionic emission model.

II. EXPERIMENTAL PROCEDURES

The GaN films used in this study were grown on a sap-

phire substrate by plasma-assisted molecular beam epitaxy.

Prior to growth, the sapphire substrates were degreased with

organic solvents, and etched in a hot solution of H2SO4 and

H3PO4 (H2SO4: H3PO4¼ 3:1) for 20 min, rinsed with de-

ionized water and then dried with nitrogen gas. The sub-

strates were thermally cleaned at 750 �C for 30 min and then

subjected to nitridation treatment for 30 min at 700 �C. After

substrate nitridation, the films were grown by using two step

processes, growth of low temperature GaN buffer layer of

thickness 20 nm at 500 �C followed by high temperature

(750 �C) epilayers. The samples investigated in this study

were grown for 3 h with different N/Ga flux ratio. Here, we

varied the nitrogen beam equivalent pressure (BEP), while

the gallium BEP was kept 5.6� 10�7 mbar to obtain the

different N/Ga flux ratio. The N/Ga ratios for the samples

were 18.8 (sample-A), 29.4 (sample-B), and 40.1 (sample-

C). RF power of nitrogen plasma was kept constant at 350 W

for all the growth. The as-grown samples were characterized

by high-resolution x-ray diffraction (HRXRD), scanning

electron microscopy (SEM), room temperature photolumi-

nescence (PL) spectroscopy, and Raman spectroscopy. The

structural characterization of GaN films were carried out by

HRXRD measurements using a double crystal four-circle

diffractometer (Bruker-D8 DISCOVER) with Cu Ka

(k¼ 1.5418 Å) radiation. The surface morphology of the

grown samples was observed by SEM measurements using

high resolution field emission FEI (SIRION) system. Room

temperature PL was carried out by using He-Cd laser with

325 nm wavelength. Raman spectroscopy measurements

were used for strain analysis of the films and were carried

out using Arþ laser with 514 nm wavelength. The electrical

characteristics of Schottky contact to GaN have investigated.

For this, we fabricated Pt/GaN Schottky diodes and studieda)Electronic mail: sbk@mrc.iisc.ernet.in.
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the effects of N/Ga flux ratio on electrical transport proper-

ties. The inner circular Schottky contact of diameter 600 lm

was made on GaN films by depositing Pt (200 nm) metal

using RF-sputtering. Then, the outer circular ohmic contact

of diameter 1000 lm was made by thermally depositing Al

(thickness �200 nm) metal. Finally, the device was annealed

at 200 �C for 20 min. The room temperature I-V measure-

ments were performed by taking one contact from Pt metal

and another from Al metal by using computer interfaced

Agilent-4155 source meter system. The room temperature

Hall measurements were performed on the GaN samples to

determine the nature of current transport mechanism present

in the Schottky diodes.

III. RESULTS AND DISCUSSION

Figure 1 shows a 2h-x HRXRD scan of GaN films

grown on c-plane sapphire substrate. The peaks at

2h¼ 34.56� and 72.81� are assigned to the (0002) and (0004)

planes of the GaN films. The strong peak at 2h¼ 41.69� is

assigned to the Al2O3 (0006) reflection. The structural qual-

ity of the films was evaluated from the X-ray x-scan rocking

curves. In GaN films there are different kinds of threading

dislocations (TDs) present, like screw TDs, edge TDs and

mixed TDs, which affect the FWHM of X-ray rocking

curves. The X-ray rocking curves for symmetric (002) and

asymmetric (102), (104), (105), and (121) GaN reflections

were carried out. The FWHM values for different reflections

are given in Table I. It is found that the FWHM of the asym-

metric reflection is higher than the FWHM of symmetric

reflections, i.e., the GaN films are defective structure with a

large edge TDs.15 The rocking curve of the symmetric (002)

and asymmetric (121) GaN reflections are shown in the Fig.

2. The dislocation density of the GaN films were estimated

from the following equations:16

Dscrew ¼
b2ð002Þ

9b2screw
; Dedge ¼

b2ð12:1Þ

9b2edge
; (1)

where Dscrew is the screw dislocation density, Dedge is the

edge dislocation density, b is the FWHM of the measured

XRD rocking curves, and b is the Burgers vector length

(bscrew¼ 0.5185 nm and bedge¼ 0.3189 nm). The values of

screw dislocation density as calculated by using Eq. (1) are

found to be 5.03� 108, 9.17� 108, and 1.45� 109 cm�2,

whereas, the values of edge dislocation density are

1.08� 1010, 1.39� 1010, and 1.59� 1010 cm �2 for GaN

films with N/Ga ratios of 18.8, 29.4, and 40.1, respectively.

In essence, the sample grown with N/Ga flux ratio of 18.8

has less dislocation density as compared to the samples with

N/Ga flux ratios of 29.4 and 40.1.

Figure 3 shows the top view of SEM images of the GaN

films grown with different N/Ga flux ratio. It was found that

the GaN films exhibit pits on the surface. The average pit

densities, as measured by SEM, were found to be 1.18� 109,

1.48� 109, and 1.97� 109 cm�2 for samples with N/Ga

ratios of 18.8, 29.4, and 40.1, respectively. The pit density

increases with increasing N/Ga flux ratio. Such behavior

could be due to the Ga-adlayer coverage.17–19 The

Ga-adlayer coverage decreases with increasing N/Ga ratio

because of decreasing Ga adatom surface diffusion and

results in the formation of pits on the GaN surface. The

FIG. 1. (Color online) 2h-x HRXRD scanning curve of GaN films grown

on sapphire substrate.

TABLE I. The FWHM (deg.) of both symmetric and asymmetric X-ray

rocking curves.

Reflection (a); N/Ga¼ 18.8 (b); N/Ga¼ 29.4 (c); N/Ga¼ 40.1

(002) 0.20 0.27 0.34

(102) 0.47 0.50 0.52

(104) 0.33 0.38 0.42

(105) 0.29 0.34 0.38

(121) 0.57 0.64 0.69

FIG. 2. (Color online) The XRC of the (002) and (121) GaN reflections.
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cross-sectional SEM images of the GaN films are shown in

inset of Fig. 3. The thicknesses of the GaN films are 198,

236, and 325 nm with N/Ga ratios of 18.8, 29.4, and 40.1,

respectively, as found from the cross-sectional SEM.

The room temperature PL spectrum of GaN grown with

different N/Ga flux ratio is shown in Fig. 4(a). The spectrum

exhibits an emission peak at around �3.4 eV, which is usu-

ally attributed to the free excitonic transition with radiative

emission between valence and conduction bands of GaN.

The normalized PL spectrum of GaN is shown in the inset of

Fig. 4(a). The FWHM of the emission peak, which is used to

reveal the crystal quality of the film, increases with increas-

ing N/Ga ratio. The variation of FWHM with flux ratio is

given in Fig. 4(b). We also observed a slight shift in peak

position with N/Ga ratio, i.e., the PL peak position observed

at 3.414, 3.411, and 3.409 eV in GaN films with N/Ga ratios

of 18.8, 29.4, and 40.1, respectively. It is known that the PL

peak position shifts to a lower energy as the compressive

stress in GaN films decreases.20 The decrease in compressive

stress with N/Ga ratio can also be attributed to the increase

in film thickness.

In order to investigate and cross check the existence of

strain, we have studied the room temperature Raman spectra

and the results are shown in Fig. 5. Raman spectra displays

E2 (high) phonon peaks of the GaN films along with sub-

strate peaks assigned by an asterisk (*). The E2 phonon

mode in the spectra can be used to measure the strain of the

films.21 E2 mode is sensitive to the strain of the GaN crystal

and the frequency value of the E2 mode of strain free GaN is

568 cm�1.22,23 An enlarged view of the E2 peak is shown in

the inset of Fig. 5. The E2 peak positions observed at 570.0,

569.4, and 568.9 cm�1 in GaN films with N/Ga ratios of

18.8, 29.4, and 40.1, respectively, indicate that films are

compressively stressed.24 The amount of compressive strain

decreases with increasing N/Ga ratio. It is observed from

Fig. 5 that there is a shift in the E2 peak of the GaN films

FIG. 3. FE-SEM images of GaN sample grown on sapphire substrate with

N/Ga ratios of (a) 18.8, (b) 29.4, and (c) 40.1. The inset shows the cross-

sectional SEM.

FIG. 4. (Color online) (a) The room-temperature photoluminescence spectra

of GaN films grown on sapphire substrate. The inset shows the normalized

PL spectra. (b) Variation of FWHM and peak position of PL spectra with N/

Ga ratio.
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with respect to the N/Ga ratio and is because of the different

film thicknesses. The quantitative values of the compressive

stress were obtained by using the relation25

r ¼ Dx=6:2 cm�1GPa�1; (2)

where r is the biaxial compressive stress expressed in giga-

pascal, and Dx is the Raman shift in centimeter�1. The val-

ues of r were obtained as �0.322, �0.237, and �0.151

cm�1 GPa�1 in GaN films with N/Ga ratios of 18.8, 29.4,

and 40.1, respectively. Thus Raman spectra suggests the

presence of strain in the films with respect to the different N/

Ga ratio and is identical with the results obtained from room

temperature PL measurements.

Figure 6 shows the room temperature I-V characteristics

of three Schottky diodes fabricated from GaN films with dif-

ferent N/Ga flux ratio. The schematic diagram of the diode is

shown in the inset of Fig. 6. It was found that the rectifying

behavior of the diodes as defined as IF/IR(on/off) at certain

applied voltage is strongly dependent on the N/Ga ratio. The

on/off ratios at 2 V are 74.39, 16.04, and 9.87 for the diodes

with N/Ga ratios of 18.8, 29.4, and 40.1, respectively; i.e.,

the diode with N/Ga¼ 18.8 (sample (A)) has good rectifying

nature and the rectifying nature of the diodes decreases with

increasing N/Ga ratio. In addition, the leakage current at cer-

tain reverse bias increases with increasing N/Ga ratio. The

leakage current at �2 V is 1.14� 10�6, 2.62� 10�5, and

8.95� 10�5 A for the diodes with N/Ga ratios of 18.8, 29.4,

and 40.1, respectively. The increase in leakage current with

N/Ga ratio may be due to an increase in pit density as well as

screw dislocation density.26,27 The dislocations in the GaN

films act as localized conducting paths, resulting in the

increase in leakage current and hence a decrease in the de-

vice performance.

In order to determine the current transport mechanism

present in the Schottky diodes, we have performed room

temperature Hall measurements to get the carrier concentra-

tion in the GaN films. The existence of a certain transport

mechanism in a metal/semiconductor interface can be pre-

dicted by the ratio between the characteristic energy (Eoo)

and the thermal energy kT. The characteristic energy (Eoo) is

a parameter related to the tunneling transmission probability

that the electron tunnel the barrier and is given by28

E00 ¼
h

4p

ND

m�es

� �1=2

; (3)

where ND is the carrier concentration of GaN films, m* is the

effective mass of the electron, and �s is the dielectric con-

stant of GaN. In particular, thermionic emission (TE) is

effective whenever E00/kT � 1. On the other hand, thermi-

onic field emission (TFE) is predominant when E00/kT � 1,

while the field emission (FE) transport dominates when E00/

kT 	 1.29 The carrier concentration as found from the room

temperature Hall measurements are 1.7� 1017, 4.2� 1017,

and 6.4� 1017 cm�3 in the GaN films with N/Ga ratios of

18.8, 29.4, and 40.1, respectively, Taking the values of

m*¼ 0.2mo and �s¼ 9.5�o, the value of Eoo/kT at room tem-

perature was found to be 0.21, 0.33, and 0.41 for the diodes

with N/Ga ratios of 18.8, 29.4, and 40.1, respectively. Since

E00/kT � 1, the current transport in the present case is domi-

nated by TE. According to TE theory, where qV> 3kT, the

forward I-V characteristic of a Schottky diode is given

by30–32

I ¼ Is exp
q V � IRsð Þ

gkT

� �

; (4)

with Is ¼ AA�T2 exp �
ub

kT

� �

; (5)

where Is is the saturation current density, T is the absolute

temperature, A is the active device area, A* is the Richard-

son’s constant, k is the Boltzmann constant, q is the electron

charge, ub is the Schottky barrier height, and g is the ideality

factor. The values of ub and g for the Schottky diodes were

calculated by fitting Eq. (4) in the linear region of the for-

ward I-V curves ignoring the series resistance (Rs), as shown

FIG. 5. (Color online) The room-temperature Raman spectra of GaN films

grown on sapphire substrate with N/Ga ratios of (a) 18.8, (b) 29.4 and (c)

40.1. The inset shows the zoomed view of the E2 peak of GaN film along

with substrate peaks.

FIG. 6. (Color online) The room-temperature I-V characteristics of Schottky

diodes fabricated from GaN films grown on sapphire substrate with N/Ga

ratios of (a) 18.8, (b) 29.4, and (c) 40.1. The inset shows the schematic dia-

gram of the Schottky diode.
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in Fig. 7. The value of A* for GaN was taken as 26.4

Acm�2K�2.33 for our calculations. The values of barrier

height (ub) were found to be 0.73, 0.67, and 0.62 eV, while

the values of ideality factor (g) found to be 2.5, 2.9, and 3

for the diodes with N/Ga ratios of 18.8, 29.4, and 40.1,

respectively. The higher value of barrier height (0.73 eV)

and lower value of ideality factor (2.5) of the diode fabri-

cated from GaN film with N/Ga¼ 18.8 indicates a good rec-

tifying nature among them. From Fig. 7, it is seen that only a

small region of the I-V curve is linear, while most of the

curve is nonlinear. At higher voltages, the current seems to

saturate and generally the series resistance appears to domi-

nate the conduction process in this region. Fitting of Eq. (4)

without neglecting series resistance did not follow the meas-

ured I-V characteristics of three diodes. This result illustrates

that in the present case, the thermionic emission over the

Schottky barrier is suppressed at higher applied voltages by

other current transport mechanisms. At higher applied volt-

age, the current transport follows power-law (I�V1.6). This

power law is generally attributed to the space-charge-limited

current (SCLC) mechanism,34 which is observed in the wide

bandgap semiconductors. The SCLC mechanism is due to

the presence of trapping centers in the GaN films. In

undoped GaN films, different kinds of trap levels are present,

like nitrogen vacancies, point defects along the dislocation

sites and dislocation induced defects,35 which act as non-

radiative recombination sites and hence controlling the cur-

rent transport mechanisms at higher applied voltage. In

SCLC region, the current conduction strongly depends on

the concentration as well as the energy distribution of trap-

ping centers present inside the GaN films. The concentration

of trapping centers (Nt) was found out approximately by

using the following relation:36

V1 ’
qNtL

2

es
; (6)

where V1 is the onset of SCLC conduction process, L is the

thickness of the GaN epilayers, q is the electron charge, and

es is the dielectric permittivity of the semiconductor. The

onsets of SCLC are 0.56, 0.53, and 0.47 V for the diodes

with N/Ga ratios of 18.8, 29.4, and 40.1, respectively. Con-

sidering the proper values of V1, es, and L, the values of Nt

were found to be 7.5� 1015, 5.0� 1015, and 2.33� 1015

cm�3 the diodes with N/Ga ratios of 18.8, 29.4, and 40.1,

respectively.

IV. CONCLUSION

Effects of N/Ga flux ratio on structural, morphological,

and optical properties of GaN films and on electrical trans-

port properties of Pt/GaN Schottky diodes have been studied.

The N/Ga flux ratio is found to play a major role in control-

ling crystal quality, morphology, and emission properties of

GaN films and also on electrical transport property of Pt/

GaN Schottky diodes. The room temperature photolumines-

cence study reveals a shift in the band-edge emission toward

the lower energy with an increase in N/Ga ratio and is attrib-

uted to the decrease in compressive stress in the films. The

electrical transport properties of Pt/GaN Schottky diodes

show a significant increase in leakage current with increase

in N/Ga ratio, and it is due to the increase in pit density as

well as an increase in dislocation density on the GaN films.

1S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, Appl. Phys. Lett. 67,

1868 (1995).
2M. A. Kahn, A. Bhattarai, J. N. Kuzina, and D. T. Olsen, Appl. Phys. Lett.

63, 1214 (1993).
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