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Stress in polycrystalline GaN films prepared by r.f sputtering
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Abstract. Undoped, Be-doped and Si-doped polycrystalline GaN films were deposited by R.F. sputtering
onto fused silica substrates. The films were deposited at various deposition temperatures ranging from
300 K to 623 K and characterized by optical measurements while the microstructural information was
obtained from SEM and XRD studies. The compositional study for the GaN film was carried out using
SIMS. Residual stresses in these films were evaluated from the band tail of the absorption spectra as well
as from direct measurements of hardness by commercially available depth sensing indentometer. It was
observed that undoped GaN films had the highest hardness followed by that for Be-doped and Si-doped
films. The values of hardness obtained form the above optical measurement tallied quite well with those
obtained from direct indentation measurement.

PACS. 81.05.Ea III-V semiconductors – 78.20.-e Optical properties of bulk materials and thin films –
62.20.-x Mechanical properties of solids

1 Introduction

The use of polycrystalline semiconductors in general had
attracted much interest in an expanding variety of applica-
tions in electronic and opto-electronic devices [1–3]. The
main technological interest in the polycrystalline based
devices lie in its very low-cost production and possibility
of using low-cost substrates. Survey of literature indicates
that not very many studies are reported so far on GaN
in polycrystalline form. Only in recent years, some groups
explored the feasibility of obtaining polycrystalline GaN
layers [4-6]. The devices based on GaN epilayers suffered
a setback due to the presence of biaxial strain compo-
nent originating from the growth on lattice mismatched
substrates with different thermal expansion coefficients
and hydrostatic strains originating from incorporation of
point defects altering the material’s lattice constant [7,8].
Polycrystalline semiconductor films are known to contain
residual stress of the order of 109–1011 Nm−2. The na-
ture of the stress (tensile or compressive) depends on the
deposition temperature and the sign of the misfit fac-
tor between the substrate and the film [9–12]. The stress
field results in higher concentration of dislocations or de-
fects at the grain boundary. The presence of these dis-
order or defect states would cause a random spatial po-
tential fluctuation (together with band gap fluctuation)
which in turn would provide an excess optical absorption
in the below band gap region. Therefore, if the amount
of defect states present in the grain boundary region of
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a ploycrystalline film could be obtained from the below-
band-gap optical absorption traces, one may estimate the
corresponding stress or strain and hence the microhard-
ness of the film [13–16].

In this communication, we present the synthesis of
polycrystalline GaN films (doped and undoped) deposited
onto fused silica (quartz) substrates kept at different tem-
peratures by r.f. sputtering technique and evaluate the
stress present in these films from the modification of the
band edge absorption due to the presence of inherent elec-
tric field and mechanical stress in the grain boundary re-
gions.

2 Experimental details

Polycrystalline GaN in thin film form was deposited onto
fused silica substrates by r.f. sputtering of a GaN target
(99.999%) target in argon plasma at a system pressure of
∼0.5 Pa. p- and n-doped GaN films were also deposited
by using targets containing 1 at % Be and 1 at % Si in
GaN respectively. The films were deposited at four differ-
ent substrate temperature (Ts ∼ 300, 423, 523 and 623 K)
and for a fixed deposition time of ∼2 h. The substrates
were placed on a heavy circular copper block that could be
heated by appropriate heating coils passed through holes
laterally drilled through the copper block. The tempera-
ture of the substrates could be monitored and controlled
by a copper-constant thermocouple by an on/off electronic
temperature controller. Before starting the actual deposi-
tion, the target was pre-sputtered with a shutter located in
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between the target and the substrate. All the depositions
were performed with a 140 W R.F. power from a power
supply capable of delivering 1.0 KW, 13.56 MHz. The
distance between the target (2.5 cm dia) and substrate
was ∼3.5 cm. Optical studies were performed by mea-
suring transmittance at room temperature in the wave-
length region λ = 200–800 nm using a spectrophotometer
(Hitachi-U3410). The spectra were recorded with a reso-
lution of λ ∼ 0.07 nm along with a photometric accuracy
of ±0.3% for transmittance measurements. SEM images
were obtained with a JEOL scanning transmission elec-
tron microscope. Depth sensitive indentation (DSI) tech-
nique has recently emerged as a powerful tool to charac-
terize the near-surface mechanical properties of materials,
particularly thin films, super hard protective films and
coatings including ceramic thermal barrier coatings [17–
19]. The hardness measurements were carried out by using
the depth sensing indentometer, fully automated FISCH-
ERSCOPE H100CXYp with a XY programmable stage
utilizing a low load range between 1 and 30 mN such
as to ensure that the maximum depth of penetration of
the indenter does not exceed 10% of the film thickness.
The hardness values measured by this machine are in full
compliance with standards like DIN 50359 and DIN EN
ISO 14577. The test force range available in the machine
was 0.4–1000 mN with a resolution of 0.2 µN. Similarly,
the measurement of penetration depth carried out by the
machine with a resolution of 0.1 nm.

3 Results and discussion

3.1 Optical properties

The absorption coefficients (α) of the doped and undoped
GaN films were determined by measuring transmittance
and reflectance in these films [19–22]. In general, the ab-
sorption coefficient (α) may be written as a function of
the incident photon energy (hν) so that:

α = (A/hν){hν − Eg}m (1)

where A is a constant which is different for different tran-
sitions indicated by different values of m and Eg is the
corresponding band gap.

Now,

ln(αhν) = lnA + m ln(hν − Eg) (2)

and
d [ln (αhν)]

d [hν]
=

m

hν − Eg
. (3)

Equation (3) suggests that a plot of d[ln(αhν)]/d[hν] ver-
sus hν will indicate a divergence at hν = Eg from which
the value of Eg may be obtained. Once Eg is found, the
value of m can easily be calculated (Eq. (2)) from the
slope of the plot of ln(αhν) versus ln(hν − Eg). Figure 1
(inset) shows the plot of ln(αhν) versus ln(hν − Eg) for
a representative film (undoped GaN film) from which one
can obtain the value of m ∼ 0.51 indicating direct transi-
tion. The band gap was determined by extrapolating the

 

 

Fig. 1. Plot of (αhν)2 versus hν for a representative film (un-
doped GaN).

Table 1. Values of band gap (Eg), barrier height (Eb) at the
grain boundaries, strain (δa/a) and stress (S) in undoped, Be-
doped and Si-doped GaN films deposited at different substrate
temperature during deposition.

Thin film Ts(K) Eg(eV) Eb(eV) δa/a S(GPa) Hardness

description (×104) (GPa)

x = 10%

Poly GaN 623 3.22 1.77 19.69 0.549 4.72

523 3.26 1.68 13.98 0.390 4.48

423 3.37 1.66 8.28 0.231 4.15

300 3.40 1.62 5.27 0.147 3.91

Be GaN 623 3.067 1.72 18.91 0.528 4.69

523 3.179 1.67 13.45 0.375 4.45

423 3.235 1.59 7.99 0.223 4.13

300 3.28 1.55 4.00 0.112 3.78

Si GaN 623 3.18 1.7 10.27 0.287 4.28

523 3.27 1.3 9.83 0.274 4.25

423 3.35 0.7 8.95 0.249 4.19

300 3.42 0.3 7.97 0.223 4.13

linear portion of the plot of (αhν)2 versus hν (Fig. 1)
and are shown in Table 1 for all the films studied here.
It may be noted here that the films deposited at higher
substrate temperature during deposition had lower band
gaps. It was also observed that films deposited at >600 K
had predominant cubic phase while the films deposited at
temperatures below 350 K were found to be hexagonal.
Films deposited at intermediate temperature contained
both the hexagonal and cubic phases. Band gap for both
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Fig. 2. SEM micrographs of GaN films deposited at 623 K: (a) undoped; (b) Be-doped and (c) Si-doped.

the doped films determined from optical measurement
were found to be lower than the band gaps of bulk gallium
nitride. This is basically due to the band bending arising
out of the presence of grain boundary states and accep-
tor/donor levels due to doping. Presence of mixed phases
present in the films deposited at intermediate tempera-
tures was confirmed by XRD traces (not shown here).

3.2 Microstructural properties

Surface morphology and grain distribution in these films
were studied by scanning electron microscopy. Figure 2
shows the micrographs of three representative films de-
posited at ∼623 K. It may be observed that undoped
films had a smoother and compact surface while the

Be-doped ones had nearly spherical grains. Contrary to
both, the Si-doped films had oblong grains. The grain
sizes obtained from the SEM pictures (Figs. 2a, 2b, 2c) are
0.36 µm, 0.37 µm 0.5 µm respectively. The grain sizes (D)
of the three representative films undoped, Be-doped and
Si-doped GaN obtained from optical measurements were
found to be 0.36 µm, 0.24 µm and 0.37 µm respectively
which tallied well with that obtained from SEM studies.

3.3 Determination of stress

We have considered the optical absorption in the films just
below the band gap (Eg) since the grain boundary phe-
nomena in polycrystalline films are known to influence the
optical absorption band tails. Generally, for large grain
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polycrystalline material there is a sharp change of the ab-
sorption coefficient at the band edge (Eg) similar to that
observed in a crystalline material while for films with mod-
erate grains, the absorption coefficient vs. energy plot is
not so sharp. In fact, the variation of the optical absorp-
tion coefficient (α) with energy (hν) below the band edge
of a polycrystalline material will contain the information
of the grain boundary parameters like density of defect
states (Qt), average built-in-electric field (Fav), etc.

In general, polycrystalline films are known to be
the aggregates of randomly distributed grains and grain
boundary regions. The latter contain a large amount of
defect states which become charged after trapping free
carriers from the neighbouring grains. Besides this ran-
dom distribution of the intrinsic defect states at the grain
boundary regions of the film, there will be considerable
amount of thermal stress due to the mismatch of ther-
mal expansion coefficients of the film (αfilm) and substrate
(αsubs). As a result, the potential and hence the band gap
(Eg) would have a fluctuating nature which may culminate
in the existence of additional indirect optical transitions
below the fundamental band gap of the material. As the
details of the processes have already been reported else-
where [13,23,24], a brief outline is presented here. Let us
assume the presence of Qt amount of defect states at the
grain boundary regions of a polycrystalline film. This will
result in a fluctuating potential with average height Eb

and internal electric field Fav as given by [25]:

eFavλD = Eb (4)

where
Fav = eQt/ε (5)

e is the electronic charge, ε is the average dielectric con-
stant and λD is the Debye screening length [16] which is in-
versely proportional to

√
ND, where ND is the free carrier

concentration. Moreover, we have considered a Gaussian
type of fluctuating band gap [13,23]:

D(Eg) ∼ exp
[
− (

Eg − Ēg

)2
/2σ2

1

]
(6)

which may be associated with a correlation function B(r)

B(r) = σ1
2 exp

(−r2
/
Lc

2
)
. (7)

Here, Ēg is the average value of the fluctuating band gap,
Lc is the correlation length and σ1 is a disorder at the
grain boundary region. This disorder parameter σ1 which
physically indicates the rms value of the fluctuating an-
tiparallel displacement of the valance and the conduction
band edges from those of the ideal crystalline lattice, may
be related to the residual total strain (δa/a) by the ex-
pression [13,23]:

σ2
1 = (Ēg)

24(δa/a) (8)

where the total strain (δa/a) is the sum of the intrinsic
strain (δa/a)in , and the thermal strain (δa/a)th and may

be expressed as:
(

δa

a

)
= k(T ∗ + T )/4Mv2 (9)

where
(

δa

a

)

th

= αfilm − αsubs(Ts − T ). (10)

The parameters M , v, Ts, and T correspond to the atomic
(or molecular) mass, velocity of sound in the material,
the deposition temperature and the temperature of op-
tical measurement (T ∼ 300 K), respectively. T ∗ used
here is the temperature equivalent of the intrinsic disorder
due to defect states present at the grain boundary region.
The strain component (δa/a)in represents the contribu-
tion due to the combined effects of intrinsic defect states
and phonons (originated from the thermal lattice vibra-
tion both in the grain and grain boundary regions), while
the other strain parameter (δa/a)th corresponds to the dif-
ference of thermal expansion coefficients of the film and
the substrate.

For a fluctuating band gap as given by equation (6)
the general expression for the absorption coefficient due
to indirect transitions between different sites (with the
conservation of carrier’s energy only) is [13]:

α (hν) ∼ exp [(hν − E0)/E] φ (hν) . (11)

The different parameters used here are E0 = Eg − σ2
1

/
2E

with E = hσ2
1

/(
6m∗L2

c

)1/3 and φ(hν) is a slow varying
function given by:

φ(hν) = E−1
g

∝∫

hν

dEg exp
(−σ2

1/2E′) . (12)

The explicit form of the parameter E′ which represent the
Urbach edge is given by [13,25]:

E′ = {�
2σ2/[6L2

c(m ∗ /m0)]}1/3 (13)

where m∗/m0 is the effective mass ratio (m0 being the free
electron mass). In the photon energy range hν < Eg which
is of special interest to us here, φ(hν) is almost constant.

The films were deposited at four different substrate
temperatures (300, 423, 523 and 623 K). The below band
gap experimental plots of normalized absorption coeffi-
cients (α/αo) for the three representative films of un-
doped, Be-doped and Si-doped GaN deposited at Ts ∼
623 K are shown in Figures 3a–c respectively. As the con-
tribution to absorption due to the thermal disorder for
any material at a specific temperature (say the room tem-
perature at which optical absorption has been recorded)
is fixed, the ultimate shape of (α/αo) vs. (Eg − hν) plot
will depend on the amount of the intrinsic disorder or
the density of the defect states present in the film. Using
equation (11) different grain boundary parameters (σ1,
Qt and Fav) were estimated from the best fit theoretical
curve (shown in Figure 3 by solid lines) corresponding to
the experimental data of (α/α0) vs. (Eg − hν), αo being
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Fig. 3. Variation of α/αo versus (Eg − hν) for representative films of: (a) undoped GaN, (b) Si-doped GaN and (c) Be-doped
GaN deposited at 623 K.

Table 2. Values of different parameters used for the theoretical
simulation.

Film v Y σ a m ∗ /m0

reference (×10−3 ms−1) (×109 Nm−2) (Å)
GaN 6.9 181 0.352 4.52 0.13

the value of α at Eg. The different parameters used for
the above theoretical simulation are given in Table 2. It
may be mentioned here that σ1 and (δa/a)in are the two
most sensitive parameters in this non-destructive curve fit-
ting technique. The corresponding variations of the strain
(δa/a) for three sets of polycrystalline GaN films with
substrate temperature (Ts) during deposition are shown
in Figure 4.

From the experimentally obtained values of residual
strain (δa/a), and by knowing the standard values of
Youngs modulus Y (Nmm−2) and the Poissons ratio σp for
a given film material, the true stress (S) can be obtained
using the standard equation for elasticity:

S = [Y/(1 − σP )](δa/a) (14)

Stresses in the films thus evaluated are shown in Fig-
ure 5. It may be noted that the stress increased sharply
for films deposited at higher temperature for undoped and
Be-doped GaN films while Si-doped GaN films did not in-

Fig. 4. Variation of δa/a for different films deposited at dif-
ferent substrate temperature during deposition.

dicate such a change. The stress varied between 0.2 to
0.3 GPa for Si-doped films.

Now, in the presence of Peierls potential, the lattice
distortion cannot move easily under a small externally
applied stress field. A critically applied stress (S∗) has
to be applied just to move the dislocation over this po-
tential without any assistance from thermal or quantum
lattice vibration. This ultimate tensile stress also called
the “Peierls Stress” can be obtained from the discrete
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Fig. 5. Variation of stress for different films deposited at dif-
ferent substrate temperature during deposition.

dislocation model [26] and is given by:

S∗ = {2µ/(1 − σP )} exp{−πh/[(1 − σP )b]} (15)

where µ = Y/[2(1 + σp)] is the shear modulus,
b ≈ a[1 + δa/a], the tensile stress, which represents the
magnitude of the Burger vector, denoting the slip direc-
tion and h is a quantity, of the order of the lattice param-
eter which represents the spacing across the slip plane.

It is known that a relation between the ultimate ten-
sile stress (S∗) and the Vickers hardness (Hν) correspond-
ing to an arbitrary indentation strain (x %) could be ex-
pressed as [27–29]:

HV = 2.9S∗/(36.8nc/x)nc (16)

where nc, the strain hardening coefficient, can be obtained
by solving the equation

(S/S∗) = [2.718(δa/a)/nc]nc . (17)

A simple computer simulation was carried out to obtain
the Vickers hardness of undoped, Be doped and Si doped
polycrystalline GaN thin film. From equations (14 and 15),
one obtains:

S/S∗ = {(δa/a)(1 + σP )} exp{(π/(1 + δa/a))(1 − σP ).
(18)

Knowing the values of Youngs modulus Y , Poissons ra-
tio σp, and using equation (17), equation (18) was solved
using the Newton Raphson iterations technique to obtain
the strain hardening coefficient (nc) correct upto the de-
sired decimal places and this nc was subsequently utilized
in equation (16) along with calculated S∗ to get the Vick-
ers hardness for the concerned materials. The variation
of theoretically obtained Vicker’s hardness for the films
deposited at different temperature are shown in Figure 6
and tabulated in Table 1. It may be seen that the un-
doped GaN films had the highest hardness compared to
the doped ones. Si-doped GaN films had the lowest hard-
ness.

It will be interesting to compare the above observa-
tion with the measurements of hardness with a fully au-
tomated FISCHERSCOPE depth sensing indentometer.

Fig. 6. Calculated hardness values of the undoped and doped
GaN films from optical measurement.

Fig. 7. Comparison of the hardness as determined from optical
studies and direct measurement for representative doped and
undoped GaN films.

The hardness of the GaN films was determined from the
measured indentation curve assuming a perfect geometry
of the diamond Vickers indenter and making the correc-
tion for the tip blunting) by extrapolating the unloading
curve from the maximum applied load Pmax to zero load
(not shown here). The hardness evaluated as above for a
load ∼3 mN are shown in Figure 7 for three representative
GaN films (undoped, Be-doped and Si-doped) deposited
at Ts = 623 K along with that evaluated from optical mea-
surement. It may be observed that undoped GaN has the
highest hardness (∼5000 N/mm2) followed by Be-doped
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with a hardness of 4635 N/mm2. Si-doped films had lower
hardness ∼4059 N/mm2. This result is in conformity with
that obtained from the optical measurement.

4 Conclusion

Polycrystalline GaN films (doped and undoped) were de-
posited by R.F. sputtering onto fused silica substrates at
various deposition temperatures ranging from 300 K to
623 K. Residual stresses in these films were evaluated from
the band tail of the absorption spectra as well as from di-
rect measurements of hardness by commercially available
depth sensing indentometer. It was observed that undoped
GaN films had the highest hardness followed by that for
Be-doped and Si-doped films.

Three of us MPC, RKR and SRB wish to thank the Council
of Scientific and Industrial Research, Government of India, for
granting them fellowship for executing this programme. The
authors are indebted to Dr. A. Mukherjee, Central Glass &
Ceramic Research Institute, Calcutta 700032, India for his as-
sistance in recording the hardness of the films.
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