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" Thermal stress and strain in GaN epitaxial layer grown on
sapphire substrate by MOCVD method"
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' Luminescence

2 Photoluminescence

3 Cathode Luminescence
4 Electro Luminescence
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Column III = metalorganics, e.g. GaCH; Column V = hydrides, e.g. NH;
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Abstract
Here in this article we have studied the existence of stress and strain in a Si-doped GaN (2 zm)/sapphire

structure grown by MOCVD method and tried to model these parameters. The presence of stress in our
sample is supported by E; Raman shift mode (Aw)of about 1.25 cm™. To find the amount of biaxial

basal plane stress we performed two techniques, XRD and film bending by profilometer. XRD technique
confirmed that the GaN layer has a hexagonal structure with the lattice constants of ¢ =5.1825A and
a=3.187 A. Our theoretical calculations show this layer suffer a biaxial stress (o,) of about 0.175 +
0.003 GPa. The profilometer data analysis also lead to a compatible value of 0.12 + 0.04 GPa. These
parameters altogether suggest the relation Aw =7.1£0.10 cm/GPa for this layer.

Keywords: Stress, Strain, Gallium nitride, lattice constants, Raman spectroscopy, film bending

l. Introuduction

Gallium nitride (GaN) and related compounds have attracted considerable academic
and commercial attention in recent years. Theses attentions mainly are due to their
outstanding optoelectronic and electronic properties employed in numerous applications
such as: (1) Optical Devices: Laser Diodes (LDs), ultra violet (UV) photodetectors and
sensors also in Light Emitting Diodes (LEDs) which can cover continuously, by
appropriate alloying, from 0.7 eV (the band gap of hexagonal InN) to 6.2 eV (the band
gap of hexagonal AIN) [1-6]. (2) Electronic Devices: including those which can operate
in hostile environmental conditions such as high temperature and high radiation and/or
under extreme operating conditions such as high power and high frequency in the
Metal-Insulator-Semiconductor Filed Effect Transistors (MISFETs) and High Electron
Mobility Transistors (HEMTS) [7-8].

Despite all the advantages in GaN material and GaN based devices, there remain
unsolved problems about quality of these material during the growth process and
stability of devices. Most of these problems are related to the lack of thermally and
lattice mismatch between the epilayer and the substrate. This leads to a high interfacial
strain and stress and therefore to large defect density in the GaN films [9].



There have been a considerable efforts directed toward the understanding of
electrical and optical properties related to strain and stress in these materials. Even
though the largest part of this stress seems to be relived by generation of misfit
dislocations, another stress contribution comes from the difference in thermal expansion
coefficient between layers. The magnitude of residual stress in epitaxial layers is known
to depend on the type of substrate, layer thickness of both buffer and epitaxial film, and
the growth temperature [10].

Due to the fact that the thermal expansion coefficient of GaN is smaller than that of
sapphire, the GaN epitaxial layers are compressed in the plane of the layers and sample
bends to be convex on the GaN layer side when the temperature is reduced from the
growth temperature to room temperature [11-13]. Here in this article we would like to
investigate the presence of this strain and stress in the GaN layer and by modelling the
data evaluate these parameters, quantitatively.

I1. Experiment:

The Si-doped GaN sample studied in this work was grown by metal-organic
chemical vapour deposition (MOCVD) reactor on c-plane sapphire substrate. The
substrate was first cleaned with solvents and subjected to and in situ pre-treatment in
flowing Hz at 1030 °C for 3 minutes. The particular structure under discussion has a 0.5
um thick GaN buffer layer, directly grown on sapphire, followed by a 1.5 um GaN
layer. A schematic diagram and scanning electron microscope (SEM) of this structure is
shown in Fig. 1 (a) and (b).

n- GaN 1.5 pm

GaN 05 um

Sapphire (000 1) 430 wm

Acc.V  Spot Magn
250 kV 4.0 20000x SE 56 Sal

Figure 1. (a) The schematic diagram of sample structure. (b) The SEM photograph of the sample.

Trimethylgallium (TMG) and ammonia (NH3) was used as sources for Ga and N,
respectively. Hydrogen (Hz) was used as carrier gas, and a dilute mixture of disilane in
H> was used to effect silicon (Si) doping on the GaN film. X-ray Photoelectron
Spectroscopy (XPS) showed a relatively good elemental composition levels for Ga (%
53) and N (% 47) in this layer, Fig. 2.
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Figure 2. The XPS spectrum of the sample.

In addition we used the Raman scattering technique at room temperature with an Ar*ion
laser (A=514 nm) as the source of excitation along [0001] direction. The scattered
radiation was dispersed using a double monochromator connected to a computer
controlled system for scanning and data acquisition. Also we used a combined
utilization of X-Ray Diffraction (XRD) by Siemens- D500 machine for determination of
crystal structure and an advanced profilometer for measuring the radius of curvature of
the layer due to thermal biaxial basal plane stress.

I1l. Result and Discussion:
Raman scattering measurement

Due to the fact that the E; Raman mode can be affected mainly by the stress in the
layer [14], we performed this measurement to find out about this quantity in our grown
GaN layer, Fig. 3. As it is known the Raman active phonon modes are two nonpolar E>
phonons and two polar modes: Az and E1, which are split into longitudinal optical (LO)
and transverse optical (TO) components by the long range electric field. According to
this figure the 569.25 and 734 cm™ positions are related to E;' and A; (LO) GaN

modes, and 418 and 751 cm™ positions are belong to Aig and E1g modes in sapphire,
respectively. The biaxial strain in the c-plane of the GaN layer is most easily probed by
observing E)' Raman shift, the strongest signal in the spectrum at 569.25 cm™,
compare to its bulk value (568 cm™ [15, 16]) it is about Aw =1.25 cm™. This is a clear
evidence for the presence of stress in our sample. In the following we have tried to
calculate this quantity by two experimental methods, (1) XRD, and (2) film bending
measurements.
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Figure 3. The Raman spectrum of the sample. The peak position related to EZH mode in this sample is
shown by the dotted line (see the text).

1) Crystal structure and stress - strain determination using XRD measurement

In order to calculate the magnitude of stress in our sample we need to know about
the structure and the lattice constants of our GaN layer. XRD spectroscopy is a powerful
method for this purpose. Fig. 4 shows the corresponding spectrum for this sample. As it
is clear there are two intensive peaks at 34.62° and 72.93° due to (0002) and (0004)
planes and a weak one at 32.41° for (1000) plane, respectively. As it is known these are
the characteristic crystal planes for a hexagonal structure. Now using these experimental
evidences together with the relation:
2sin @ _\/4 h2+hk+k? 12

+— 1
y) 3 a’ c? (1)

in hexagonal phase structures [17], we found ¢=5.1825A and a=3.187 A in this
sample. A comparison between these values with those of bulk unstrained GaN
(c =5.185 A and a=3.189 A) [18], show this layer suffers a biaxial compressive strain.
These results can be used to determine the basal plane strain and stress in this layer.
According to Kisielowski et al report [19]:

g, =Ec,(l-v) , )
g, =—E'c,2v, (3)
& /ga = —2V/(1—V) (4)

where ¢, and ¢, are the common strains for in-plane (Aa/a,) and in c-direction
(Ac/c, ), v is the Poisson ratio and E is the Young modulus for GaN (=196 GPa [20]).

From egs. (2) and (3) it is easy to see that the measured lattice constancts a and c are
related to the Poisson ratio by:

(Ac/c,)/(Aa/ay)=¢, /e, =—2v/(1l—v)=0.769 (5)



in our sample. Thereforev =0.28, which is consistent within the range of other reported
values of 0.26 [21] and 0.24 [22]. Now using egs (2) and (3) the biaxial basal plane
stress (o, ) in this sample is about 0.175 £ 0.003 GPa.
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Figure 4. Theteta-2 Theteta scan in XRD spectroscopy. The peak position of the characteristic planes in
GaN layer.

2) Biaxial stress determination by measuring the sample curvature

A useful method for determination of stress and strain in a layer grown on a substrate
with different thermal expansion coefficients is to measure the curvature of the layer by
surface profilometer. To find these quantities we have followed the following procedure
given by Olsen and Ettenberg [12].

At equilibrium conditions when stress is caused only by internal forces then based on
fundamental rules we have:

2.F=0
ZMi:O (6)

where Fi and M; are bending forces and moments in ith layer, respectively. These are
shown schematically in Fig. 5.
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Figure 5. Sketch of a bent two-layer composite. The radius of curvature (R), Force (F;) and the moment
(M) are all drawn in the positive sense.



The total strain and moment in a square shape N-layer composite can be given by:

N-1
&= & —&,= |:I+1 |:I t +t|+l (7)
= E. W, Ewt 2R

i+1

M = Z@FZV 0 ——]j @

i j=1

where t, w, E and R are the thickness, width, Young modulus and the radius of curvature
of layers. In our interested system that contains two layers (GaN+sapphire), N = 2,
therefore eq. (7) reduces to:

3
eo L 1 Et}+E.t; ( 1 )+tl+t2 ©)
6R Et, E2t2 2R
In this equation indices 1 and 2 refer to sapphire and GaN layer, respectively. Here t; =
430 and to = 2 um also E1 = 425 and E> = 196 GPa [20]. In order to know about the
radius of curvature, R, we have used the profilometer data, Fig. 6. According to these
data R = 0.86 m.
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Figure 6. The vertical profile of GaN surface layer. As it is evident through a width of about 8 mm the
convex has a height of 8.592 4m. The smooth curve is an average fit to the measured data given by
profilometer.

Using these parameters in eq. (9) we found &, =3.345x10™*, and together with eq.
(3) the compressive stress in our sample is about 0.12 £ 0.04 GPa. It seems this result is
quit compatible with the value derived by XRD measurement. Due to the higher
precision result using XRD technique for the existed stress in GaN layer (0.175 = 0.003
GPa) compare with the profilometer data and considering the E;' Raman shift suggest
the relation Aw=7.1+0.1c cm/GPa. This relation seems reasonable compared with
other reports. Rieger et al [23] has reported Aw =7.9c for thin (750 nm) GaN films
deposited on AIN buffer layer grown by MOCVD method, and Kozawa et al [20]
reported Aw = 6.2c for the GaN samples (2.5-50 xm) with AIN buffer layer grown by
MOVPE method, also Kisielowski et al [19] suggested Aw =4.2+0.3c for GaN films
(0.5-5.0 gm) grown by MBE method.
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Conclusion:
In summary, we have investigated the existence of the stress and strain in Si-doped GaN
layer (2 wmthick) grown on sapphire by MOCVD method and tried to evaluate these

quantities. XPS measurements indicate a relatively good stochiometery elemental
composition levels for Ga (%53) and N (%47) in GaN layer. The presence of stress in
our sample is supported by E2 Raman shift mode of about 1.25 cm™. To find the amount
of biaxial basal plane stress we performed two techniques, XRD and film bending by
profilometer. XRD technique showed the GaN layer has a hexagonal structure with the
lattice constants of ¢ =5.1825A and a =3.187 A. Our calculations based on theoretical
models show this layer suffer a biaxial stress (o,) of about 0.175 + 0.003 GPa. The

profilometer data analyses also lead to a compatible value of 0.12 + 0.04 GPa. These
parameters altogether suggest the relation Aw =7.1+0.10 cm™/GPa for this layer.
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Abstract:
The presence of huge internal electric fields in nitride semiconductors causes for
reduction in the efficiency of related electronics and optoelectronics devices. In this
thesis we have tried to explain this effect in more details through two parts:
experimentally and theoretically.

In the experimental part we have studied the existence of stress and strain in a Si-

doped GaN (2 xm)/sapphire structure grown by MOCVD method and tried to model

these parameters. The presence of stress in our sample supported by E> Raman shift

mode (Aw) is about 1.25 cm™. To find the amount of biaxial basal plane stress we

performed two techniques, XRD and film bending by profilometer. XRD technique
confirmed that the GaN layer has a hexagonal structure with the lattice constants of
c=5.1825A and a =3.187 A. Our theoretical calculations show this layer suffer a biaxial

stress (o,) of about 0.175 + 0.003. The profilometer data analyses also lead to a

compatible value of 0.12 + 0.04 GPa. These parameters altogether suggest the relation
Aw=7.1+0.1c cm™/GPa for this layer.

In theoretical part firstly we have evaluated compressive strain in GaN/InxGa1-xN
interface and related piezoelectric polarization and field by changing indium mole
fraction (x). Our calculations indicates that the piezoelectric field in such system
increases to 4 MV/cm for x=0.25. A theoretical analysis showed that using this model
and including the effect of intrinsic spontaneous field, originating from weak crystal
symmetry in wourtzite structures, successfully explains the experimental data reported
for the amount of total electric fields in GaN/InxGai.xN/GaN single quantum well
samples.

It is well-known that the presence of such internal fields lead to undesirable
properties of Quantum Confined Stark Effect (QCSE), one of the main reasons in
limiting the efficiency of light emitting devices based on nitride semiconductor
nanostructures. In fact this effect causes a reduction in the intensity as well as a red shift
in the peak position of luminescence spectrum in such devices. In the second theoretical
part we determined the well width (z) dependent effect on red shifted quantum-confined
Stark effect (QCSE) in GaN/InxGaixN (x=0.13) strained quantum well structures. To
explain the corresponding reported data we used a perturbation model to a finite well
system in order to find the carriers wave functions as well as their corresponding energy

levels. Through this approach we found the first perturbation term (AE®) vanishes and

YA



considering the second term (AE®) can successfully explain the photoluminescence
(PL) peak energy position in such systems. Our analysis also showed that using a
variable carrier well-width effective mass dependent, m“(z), for electrons and holes fits
much more accurately to the experimental data than a constant effective mass, m”.

Key words: nitride semiconductors, internal electric fields, stress, strain, Quantum
Confined Stark Effect.

ARR!



Shahrood University of Technology

Physics department

PhD Thesis

Title:

Investigation of processes limiting the efficiency of light emitting

devices based on nitride semiconductor nanostructures

By:
Hamidreza Alaei

Supervisor:
Dr. Hosein Eshghi

Date:
January 2010

AR



