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Optical approach to analysis of interaction of
gallium nitride and weak magnetic fields
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The long-term transformations of optical transmittance of GaN epitaxial structure
under weak magnetic field treatment (B = 60 mT, f = 10 Hz, t = 1.2 ms, ¢t = 10 min) were
obtained. Optical measurements were performed in the waverange of 320-1100 nm at
300 K. The method with three layers simulation was proposed for transmittance spectrum
fitting. It was found that the treatment results in not only the optical film thickness
changing, but probably in its refractive index too. Non-monotonous changes of the optical
thickness, which formed interference, were obtained. Interpretation of the experimental
results is based on diffusion of point defects after destruction of the metastable complexes
from inner boundaries to surfaces of the studied structures.
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Ilonyuensl moarospeMeHHBbIe TPaHCHOPMANHUKA OIUTHUUYECKUX CIEKTPOB IPOIYCKAHUS SIIU-
rakcuaabuelx GaN BememcTBue BOsmelicTBuA caaboro marmmtHoro mouas (B = 60 mTa,
f=10Tma, 1 =1.2 mc, ¢t = 10 mun) B unrepsase 320-1100 um npu 300 K. Inxsa momexupo-
BAHUS IIOJYYEHHBIX CIIEKTPOB IIPEIJOKEHA TPEeXCIONHASA MOMAENb HCCIEIyeMOM CTPYKTYDBI.
BrisiBiieHo, uTo B pesyabrare o0paGoOTKM MeHSETCA He TOJIbKO OITUYECKAs TOJNIUHA IIJIeHKH,
Koropad GopMupyeT HHTEPHEPEHIINOHHBIN CUTHAJ, HO U, BEPOATHO, €€ IIOKA3aTeJb IIPEeIOM-
aenus. MHTepmperanus IIOJYYEeHHBIX Pe3yJbTATOB OCHOBBIBaAeTCA Ha AUM@PY3HU IMPOAYKTOB
pacnaga (ToueuHbIX XedEeKTOB) METACTAOMIBHBIX KOMILIEKCOB, CYIIECTBYIOIIUX HA BHYTPEH-
Hell rpaHuIe pasmena as.

OnTuunuii migxixg mo amamisy Bzaemoxil HiTpHAY radilo Ta caaGKoro MarHiTHOTO TOJSA.
P.A.Pedvko.

Orpumano moBroTpuBayi TpancdopMmaliii ONTHUYHUX CIEKTPIB MPOMYCKAHHA eMiTaKciiiHoro
GaN Bracaifok BIIMBY caabkoro marmiTaoro mouas (B = 60 mTa, f= 10T, 1= 1.2 mc, ¢ =
10 xB) B imrepBami 320-1100 am upm 300 K. [dna MogenoBaHHS OTPUMAHHX CIEKTPiB
3aIIPOIIOHOBAHO TPUIIAPOBY MOJEJb OOCHIIMKEeHOI CTPYKTypu. BusasieHo, 10 BHACIiZOK 00-
pPoOKu 3MiHIOETHLCS He TiJIbKM OITHYHA TOBIIMHA ILIiBKU, SKa (Gopmye inTepdepeHIiiHui
curHaJi, aJjae i, IMOBipHO, ii IIOKA3HUK 3ajJoMJeHHd. [HTepmperallia OTPUMaHUX Pe3yJIbTATIB
rpyuryerbcsa Ha audysil mpomyxTiB posmaxy (ToukoBux gedexTiB) MeracTabiIbHUX KOM-
miIeKcis, icHyoumnx Ha BHYTPimIHIN rpanuii posginy das.

© 2015 — STC "Institute for Single Crystals”

1. Introduction

Gallium nitride (GaN) is one of the most
investigated semiconductors for device
structure and it is one of the promising
wide band-gap (3.4 eV at 300 K) materials
due to fabrication cost, efficient photoemis-
sion properties in optical wavelength range
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and the variety of techniques available for
its deposition as a thin film. There are good
number of reports [1-4] about growth and
characterization of GaN thin films on dif-
ferent substrates. The GaN thin films have
been extensively deeply studied for its
structural, optical and optoelectronic prop-
erties [4].
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Despite the fact that gallium nitride has
been investigated extensively, there are
however many issues that still need to be
understood to optimize its optical and elec-
trical properties. For such optimization dif-
ferent technological methods as well as
weak magnetic fields (WMF) can be applied.
In this paper we propose the model for
simulating three-layer oxide/GaN/Al,O4
structure for more reliability analyze of
processes which occur in multi-layer materi-
als after noted treatments.

2. Experimental

GaN thin films were prepared on Al,O5
substrate using the metal-organic chemical
vapor deposition (MOCVD) technique.
Thicknesses of top (gallium nitride) and bot-
tom (AlLO3) layers were 2.0-2.5 and
230 um, respectively. The epitaxial layer
was n-type, doped with Si. Concentration of
carriers was ~1.6-1019 cm™3. Spectral de-
pendences of the optical transmittance (OT)
of the studied structures were measured at
300 K with spectrophotometer Specord 210
in the 8350-1100 nm wavelength range, with
an error below 0.1 nm. Since the WMF
treatment (B = 60 mT, f =10 Hz, 1 = 1.2 ms)
was the most efficient for III-V semicon-
ductor materials [5], it was chosen for our
experiments with duration of processing
10 min.

3. Results and discussion

Fig. 1 shows initial transmittance spec-
trum of the material under investigation in
the wavelength range of 350-1100 nm. One
can see two characteristic regions: a typical
straight-line in the blue range and oscilla-
tion at wavelengths of 400-1100 nm. The
value of 3.40 eV (bandgap of GaN) was ob-
tained by extrapolation of the first one. Os-
cillations in OT spectrum are related to the
internal structure of the material, namely,
the presence of a clear semiconductor-insu-
lator interface. But it could be cases, when
interference in red region was not appears.
The transmittance curve Ty = (T 0.l min) '/ ?
[6] in this case observed (Fig.1). It re-
sponds to feeble technique sensibility
and/or not-requiring to interference condi-
tion observing. Moreover, it is real trans-
mittance spectrum for the film under inves-
tigation (GaN in our case), and exactly this
curve we will analyze in future.

Some simulation is needed to obtain T,
curve in theoretical way. The structure
under investigation (GaN/Al,O3) can be in
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Fig. 1. Initial OT spectrum of GaN/Al,O,.

three-layers model approximated (Fig. 2).
We have chosen a model with thin oxide
layer, which always exists at the semicon-
ductor surface. In this work interference
effects we will not take into acecount, so the
changing of the phase at interface of the
layers with different refractive indexes for
reflected/transmitted wave we will not take
into account.

Let the thickness of the modeled layers
are d;, dy, dg for the oxide layer, GaN-epi-
taxial film and Al,O3-substrate, respec-
tively; refractive indexes are ng, ny, ny, ng
for air, oxide layer, GaN-epitaxial film and
Al,O3-substrate, respectively; rg, rq, 1y, I3
— reflection coefficients for interfaces air-
oxide layer, oxide layer-GaN film, GaN
film-substrate, substrate-air, respectively;
I, — initial intensity of the electromagnetic
wave, I; — intensity of the wave passed
oxide layer, I — intensity of the wave
passed GaN-film, I3 — intensity of the
wave passed Al,Os-substrate, I — intensity
of the wave passed entire structure (see Fig. 2).

Assuming the reflection at the interface
between the layers and according to the
Buggery-Lambert law, we can write:

I = Iy - relge %, 1)
Iy = (I - rily)e %%, (2)
Ig =I5 - rylg)e %43, (3)

I=(I5-rsls). (4)

Solving expressions (1)-(4) we would
have:

I= (5)
=Tyl = rg)@ = r)(d = re)(1 — rg)e ~(“1dy0dytagdy)
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Fig. 2. Model of GaN/Al,O, structure under investigation (explanation of symbols see in the text).

But, the absorption in thin oxide layer,
obviously, is too small to be accounted, so
the expression (5) should be change to:

I= (6
= Io(]. - ro)(l - rl)(l - r2)(1 - rg)e —(O(Zd2+0(3d3).

Neglecting the extinction coefficient for
GaN in the investigated spectral region, the
reflection coefficients for interfaces can be
writing as follows:

2 N
nyp—ny
ro = .
nl + no
2 ¢))
ng — 1y
rl —_
n2 + nl
2 &)
ng — g
7"2 =
n3 + n2
2 (10)
nNg — g
7"3 =
no + n3

It should be noted, that after reflections
at the inner boundaries, waves with intensi-
ties rylq, rolo and rglg (see Fig. 2) take part
in multiple reflections. And after first in-
ternal reflection, it will contribute in total
transmitted intensity their own parts: I°,
I** and I**°, respectively.

The behavior of ril;-wave we will not
consider because of neglecting part of this
term. After first reflection of roly-wave at
the interface of GaN-oxide and passing
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through Al,O3 layer, it will have the inten-
sity:

th = an
=Iy(1 = o)L = (1 = rp)(1 — rg)e 3%%0%5 ror’y,

ny—ngy
n1+n2

is the reflection coefficient for the direction
GaN-oxide.

After second reflection of rgly-wave at
the interface of GaN-oxide and passing
through Al,O3 layer, it will have the inten-
sity

where

2 (12)

s

- (13)

=TIo(1 = rg)(1 — r)(1 = ro)(1 — rg)e %4y %5 r2r/2,
Every next reflection will give a some
contribution I(i *¢. It is easy to see that we

will have a declining geometric progression.
The sum of the last is:

1 = XI5 =
Io(1 = rg)(d — r)(A = r)(1 — rg)e 3%da=%d5 o,

1 = ryr'ge 2%d,

(14)

If we will think analogous about rgls-
wave we should have:

I... — Z (l) =
Iyl = rg)(1 =)L = )1 - rg)eO2dam3%5d5 rop’

1 - rgrge 209

(15)
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where

ng + ng

, L : ] o
r3 = -

is the reflection coefficient for the direction
substrate-GaN. Thus, total transmitted in-
tensity will be sum of expressions (6), (14)
and (15):

Liyy=T+I°+1". amn
So, measured transmittance should be T' = I, ;/I;:

T=(1-ry)l —r)A = ro)l — rg)e(®dstezds) x

[ ror’ ge=202ds rar ge20ds |
8 I_l " 1 = roroe 2%ds 1 — ror/ae 20393 - (8)
2l" 2 373 |

It is clear that we have considered not all of
possible wave reflections inside the struc-
ture, but all of them have a magnitude with
higher order of smallness. For objective es-
timation of the reliability of the noted ap-
proximation one can propose a parameter:

B = (FZF’ZXF3F'3)6_2(0‘2‘12 + ogdy), (19)

If <1, all the above considerations are
true. Physically, this means that the reflec-
tion from the interfaces of oxide-film and
film-substrate should not be too large
and/or analyzed layers should not have very
small optical thicknesses.

Refractive index for GaN was obtained
with method, described in [6]. The fitting
was provided with next Sellmeir dispersion
relationships for GaN and Al,O5, respec-
tively [7]:

4 39122 (20)
= V1 + ,
2= v ~123.309
1.431)\7 0.651A% 5.341A%

ng =1+ E-0.078 32 0.1198 T A% - 18.02821)
Apparently, the oxide film mostly should
have gallium oxide and nitrogen oxide
phases. Optical parameter n for oxide film
was obtained as some averaging of refrac-
tive indexes for Ga,O5; [8] and NO [9] and
was constant 1.615. The resulting depend-
ence for the optical transmittance (18) is a
function of wavelength, since refractive in-
dices depend on A, and can be used to deter-
mine both parameters d and n of the film in
empirically way. It should be noted that
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Fig. 3. Experimental and fitted curves of T,
for initial state of GaN/Al,O,.

this method is most suitable to the case
when the interference not appears in the
transmission spectrum for whatever reason.
The experimental and fitted with (18) curves
for the initial state are shown in Fig. 3.

One can see that theoretical fitting and
experiment are in a good agreement. Thus,
noted approach is suitable for this model.
And any changes in refractive indexes, opti-
cal thickness will transform the transmit-
tance spectrum. So, this spectroscopic
method is suitable for investigation of the
interaction of semiconductor material (e.g.
gallium nitride) with any alternative action
— microwave radiation treatment, weak
magnetic field and so on.

Let’s try to apply this approach to the
transformation of OT spectra, which ob-
served after WMF treatment. In Fig. 4
simulated and experimental curves for
GaN/Al,O3, obtained during 15 days after
treatment, are shown. The fitting was pro-
vided by meaning that the refractive index
was not changed but any changes in optical
transmittance spectra were related with op-
tical thickness varying. The using expres-
sion (18) for simulation it was shown that
varying of optical thickness (dy in Eq.(18))
is not enough to explain the observed
changing in OT spectra (parameters of dy
are collected in Table). The fitted and ex-
periment curves are not in agreement for
red region of observed spectra. And this
disagreement increases with the time after
treatment.

The concept developed in [10], together
with the results obtained in [5, 11] testify
about not trivial mechanism of the interac-
tion of WMF and semiconductor material.
As can be seen from the presented results,
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Fig. 4. Evolution of simulated and experi-
mental curves due to WMF treatment.

simple variation of the film optical thick-
ness occurred due to destruction of metas-
table defect complexes existed in the inter-
face of film-substrate, is not able to explain
the transformation of the optical transmis-
sion curves. There are only blue-regions of
the simulated OT-curves in agreement with
the experimental ones. While the red-re-
gions of experimental and fitted curves are
different. This could be the reason of the
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changing not only optical thickness of the
interfering layer, but also its refractive
index. Displacement of the experimental
and simulated curves is not large — only
about 1 %, but the sensitivity of this
method suggests that it is above than the
expected error. Regardless of the possible
physical mechanisms of the observed trans-
formations, one can argue that the chosen
model allows to conclude that due to WMF-
treatment the small, but nevertheless de-
tected value, long-term changes in the re-
fractive index of the studied material occur.

4. Conclusions

In summary, the dependences of OT spec-
tra on the time after the WMF treatment of
MOCVD-grown GaN epitaxial structures
have been investigated. The results and con-
clusions of this study can be summarized as
follows. The effect after the treatment is
qualitatively the same for III-V compounds
studied early [5, 11]. It consists in oscilla-
tory changes of the optical thickness, which
formed interference. It was found that the
simulated and experimental curves demon-
strate the disagreement in studied red spec-
tral region after the treatment that, per-
haps, testifies about more complicate proc-
esses, included refractive indexes of GaN
changing due to WMF treatment. To estab-
lish micromechanisms of the observable re-
organization, additional researches are re-
quired.
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