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Abstract: A polarization-maintaining (PM) fiber Mach-Zehnder (MZ) interferometer has been established to

measure the EO effect of very thin film materials with optical anisotropy. Unlike a common MZ interferometer,

all the components are connected via polarization-maintaining fibers. At the same time,a polarized DFB laser with

a maximum power output of 10mW is adopted as the light source to induce a large extinction ratio. Here,we take

it to determine the electro-optical coefficients of a very thin superlattice structure with GaAs, KTP,and GaN as

comparative samples. The measured EO coefficients show good comparability with the others.
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1 Introduction

The development of optical switches and
modulators demands high-performance electro-
optical ( EO) materials, especially micrometer
scale thickness thin-film materials with superior
characteristics. The EO coefficient is an important
factor for evaluating the quality of these thin-film
materials.

Unlike bulk materials "% ,it is difficult to de-
termine the EO coefficients of thin-film materials
because they are so thin that they usually induce a
very small signal that is hard to detect. The Mach-
Zehnder inteferometer (MZI) method appears to
be the most suitable way to measure the EO coef-
ficients of film materials because of its high preci-
sion and dependability®*'. Nevertheless.since it is
subject to poor stability and relatively low sensi-
tivity, the free space MZ interferometer cannot
satisfy the demand. A fiber-optic MZ interferom-
eter system was proposed to solve these prob-
lems'®!, but the selected polarity axes of the sys-
tem are easily changed during the light transmis-
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sion in single mode fibers, and thus the accuracy
of measurement cannot be as high as desired.

In this work, we improved the MZI by con-
necting all the components by polarization-main-
taining fibers and selecting the polarization angle
of light by rotating the sample in the plane verti-
cal to the axes of incident light. At the same time,
a polarized DFB laser with high power output was
adopted as the light source to excite a large ex-
tinction ratio. With this method, we measured the
EO coefficient of a Siy 75 Geg »5/10. 3nm-Si/2. 5nm-
Siy.5 Ge, s superlattice'®’, the optical anisotropy of
which was demonstrated by reflectance difference
spectroscopy'” . Different kinds of super-lattice
materials were also adopted as samples to verify
the applicability of this MZ interferometer.

2  Working principles

As can be seen in Fig. 1,the intensity of light
from the Mach-Zehnder interferometer can be ex-
pressed as

= %[E% v El + 2E,E,cos($, — ¢ (1
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Fig. 1 Polarization axes direction of light in the MZI
where E, and E, are the field amplitudes of the
light in cach arm of the interferometer.and ¢, —
¢, is the phase difference between them. When the
optical phase of the sample arm is modulated at a
frequency » with modulation amplitude A, the
phase difference can be expressed as

¢, — ¢ = ¢+ Acoswt 2)
where ¢ is the phase difference without applied
voltage. For a small signal modulation, the inter-
ferometer output intensity can be expressed as

I =1, +1, (€D)

in which

I, = %[Ef + E} + 2E, E;cosp] D

and
I, =— E|E; Asingcosat = I ,coswt (5)
I, can be detected by a lock-in amplifier. The
product of the fiecld amplitudes and phase modula-
tion amplitude A can be determined respectively

by

2E\E; = I — Lo (6)
A = wyni Vi /A (7
I..x and I, are the maximum and minimum of
the interferometer output intensity,and ¢ denotes
the shift of the polarization direction relative to
the polarization axes created by the applied clec-
trical field. y, and n, are the electro-optical coeffi-

Fiber phase shifter

cient and refractive index under the polarization
angle 4. V., is the root mean square modulating
voltage loaded on the sample. When the phase
@2m+1n
2
I, reaches its maximum value, through Egs. (5~
7) ,we can get the electro-optical coefficient y, as
20
nnZV,ms(Imj = L) R
It should be noted that some effects that do
not result in phase modulation,such as RF pickup
and change of absorption coefficient of the film
coming from the change of refractive index, will

shift ¢ equals (m=0,1,2,+),where

Yo =

result in an offset ¢ for [,,. As a result,real I,
can be expressed as

I, = E\E,A | § + sing | D)

If the offset is large,the amplitude is half the

peak-to-peak value. If the offset is small, the re-

sulting signal will be two different alternating

peak heights. The amplitude can then be calculat-

ed from the average of the two heights™ .

3 Experiment layout and results anal-
ysis

The experiment result validates the theory as
mentioned above. Figure 2 shows the layout for
electro-optic measurements. The phase shift be-
tween the two arms can be changed by a polariza-
tion-maintaining fiber phase shifter CFPS) in one
arm of the interferometer through the voltage ap-
plied on it. The DC part of the interference signal
I, and the AC part I, can be read out on the oscil-
lator and lock-in amplifier. The sample is sand-
wiched between two pieces of ITO-coated glass
through which the electrode can be educed and
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Fig. 2 Experimental layout for the measurement of electro-optical coetficient and diagram of ITO

clectrodes on the sample
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connected to a high voltage source. The sample is
added by a clamp which can be rotated and placed
on the sample branch of the interferometer. The
growth direction is parallel to the direction of in-
cident light, which is collected by two collimators.
By changing the applied voltage on the FPS,chan-
ges in I, can be seen on the oscilloscope through a
photodiode.

To get a larger response and clearer image,
we give the DC and AC response of KTP as a
function of the voltage applied on FPS,as can be
seen in Fig. 3. The incident light power is 1. ZmW
and the applied voltage on the sample is 10.1V
(25kHz) . One can note that there is a phase shift
between [i, and I, which is compatible with
Egs. (4) and (9). The AC part (Ig,) also shows
two different alternating peak heights, indicating
that there is a small offset ¢ as described above.

However,it is found there is a shift Al be-
tween the two minimum values in Fig. 3(a). The
reason is that the polarity direction of incident
light is not parallel to either of the two polariza-
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Fig.3 DC and AC signal amplitude of KTP under
1. 55um incident light
of incident light is not parallel to the polarization axes

(a) The polarization direction

of material; (b) The incident light is parallel to the
polarization axes of material

tion axes of the sample. As can be seen in Fig. 1,

the polarization vector of the incident light can be

decomposed into two mutual vertical vectors along

the two polarization axes of the sample. Under

this condition, Equation (9) can be changed into:
I ($) = AE,E,cos’0 | 6 + sing | +

BE,E,sin’0 | & + sin(¢+ &) | Q)]

in which &= Z/TTE(nS — n,) L is the phase shift be-

tween the two polarity axes,m =0,1,2---,and A
and B are the phase modulation amplitudes in the
S and P directions, respectively. From Eq. (10),
we can deduce that
Al = 1,Cmn) — T4 Cm + D] =
BE,E,sin*0(| & + siné |[—| 8§ — siné |) (1D

For general conditions, 870 and € (0,7,
and as a result,we can get A0 in Fig. 3 (a). Al
is zero only when 6,&= mx. The result under this
condition can be seen in Fig. 3(b). Comparably,d
is easier to change than &. Thus, the measured re-
sults of 7,3 and Y will be accurate when the po-
larity of incident light is parallel to one of the po-
larity axes of the sample materials. As a result, in
the condition that £ m=x, we can determine the
polarization axes of EO materials through the val-
ue of Al before the real measurement is per-
formed.

The intensity ratio as a function of the modu-
lation voltage for different materials is shown in
Fig. 4. Through Eq. (8),we can see that the slope
of the curves is proportional to the EO coefficient
of different materials. The EO coefficients can
then be calculated. For GaAs, the measured and
calculated results are r,; = 0.43pm/V. For KTP,
ros =8.9pm/V,and for SiGe superlattice (10-peri-
od 0. 5nm-Si, 75 Gey 25 /10. 3nm-Si/2. 5nm-Siy s Gey 5 ) »
ris = 0.24pm/V and re = 0.13pm/V. From the
result, we can see that there is a good linear rela-
tionship between the applied voltage and the in-
tensity ratio. The measured EO effect of KTP and
GaAs are 2~ 3 times less than the reported re-
sults, which might be due to the bad characteris-
tics of the sample itself. We also measured the EO
effect of GaN thin film materials, and the meas-
ured result is similar to what was reported in
Ref.[9].

It should be noted that it is difficult to meas-
ure the EO coefficient of thin-film material be-
cause of its small value. As far as we know,no ex-
perimental result has been reported on the EO co-
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Fig. 4 Intensity ratios as function of applied modula-
tion voltage for different materials

efficient of SiGe/Si/SiGe and GaN/AlGaN super-
lattices before.although Zhang et al."" reported
that the second nonlinear cocfficient of SiGe/Si/
SiGe is 0. 6 X 10 ®esu (lesu=4.189X10"" m/V).,

@) —

which is about 240pm/V.If we use y %nﬁ%
which may be not suitable for SiGe/Si/SiGe mate-
rial, to estimate the EO coefficient, the calculated
EO coefficient is 3. 2pm/V with the refractive in-
dex of silicon n, = 3. 5. But this is just an estima-
tion. Rong et al.''"’ gave a pure calculated result
for the EO coefficient. That is r;3 = 8pm/V and
res = 1pm/V,which is about ten times larger than
our result. There are two main reasons: first, the
larger and more precise result can only be ob-
tained under a high electrical field. But for thin-
film samples, only a small voltage can be applied
to the sample. A large part of that voltage is ap-
plied to the substrate material, following which,
the measured EO coefficient is actually smaller
then the real value. The second reason is that the
fabrication process of thin-film superlattice using
UHV/CVD has not been optimized. A higher EO
effect can be expected under a better working
condition of the equipment.

4 Conclusions

In summary,a polarization-maintaining fiber
MZ interferometer was established to measure the
EO effect of different kinds of thin-film materi-
als. Unlike a common MZ interferometer, all the
components are connected together with polariza-
tion-maintaining fibers to guarantee that the light
polarization remains constant during the measure-
ment. The incident polarization direction can be
chosen by rotating the sample in the plane vertical
to the incident light direction. At the same time,a
polarized DFB laser with high power output is
adopted as the light source to excite a large ex-
tinction ratio. Experimental results of SiGe/Si/
SiGe and GaN/AlGaN superlattices and GaAs.
KTP,and GaN materials show that this polariza-
tion-maintaining fiber MZ interferometer is effi-
cient in measuring the EO coefficients of thin-film
materials with optical anisotropy, not just bulk
materials. Furthermore, with these EO materials,a
high speed EO modulator can be fabricated and u-
tilized in future systems on chip.

References

[ 1] Qiu Fusheng,Cheng Xiaoman.,Misawa K.et al. Multiple re-
flection correction in the determination of the complex elec-
tro-optic constant using a Mach-Zehnder interferometer.
Chem Phys Lett,1997,266:153

[ 2] Jiang Yi,Cao Zhuangqi,Shen Qishun,et al. Improved atten-
uated-total-reflection technique for measuring the electro-
optic coefficients of nonlinear optical polymers.J Opt Soc
Am B,2000.17.805

[3] Teng C C,Man H T.Simple reflection technique for measur-
ing the electro-optic coefficient of poled polymers. Appl
Phys Lett,1990.56.1734

[4] Norwood R A,Kuzyk M G,Keosian R A. Electro-optic ten-
sor determination of side-chain copolymers with electro-op-
tic interferometry.J Appl Phys,1994,75.:1869

[ 5] Wang Yiping, Chen Jianping, Li Xinwan, et al. Measuring
electro-optic coefficients of poled polymers using fiber-optic
Mach-Zehnder interferometer. Appl Phys Lett, 2004, 85:
5102

[ 6] ZhaoL.Tu X G,Zuo Y H.,et al. Electro-optic coefficients of
Sio. 75 Geo. 25 /Si/Sio. 5 Geo. s asymmetric superlattice measured
by polarization-maintaining fiber-optic Mach-Zehnder inter-
ferometer. Appl Phys Lett,2006,89:141104

[77] Zhao L.Zuo Y H.Shen W H.,et al. Study on in-plane optical
anisotropy of Sio. 75 Gey. 25/Si/Sio. 5 Geo. s asymmetric superlat-
tice by reflectance difference spectroscope. Appl Phys Lett,
2006.88:071908

[ 8] Singer K D, Kuzyk M G, Holland W R.et al. Electro-optic

phase modulation and optical second-harmonic generation in



1016 T R E W %28 %

corona-poled polymer films. Appl Phys Lett,1988,53:1800 wells and biasing-field controlled ( SisGes ) 100 superlattice.
[9] Long X C,Myers R A,Brueck S R J,et al. GaN linear elec- Phys Rev B,1997,56:15842

tro-optic effect. Appl Phys Lett,1995,67:1349 [11] Rong Y.Zhu B F,Wang Q M. In-plane optical anisotropy in
[10] Zhang X H,Chen Z H, Xuan L Z,et al. Enhancement of asymmetric Sii - . Ge, /Si/Sii - ,Ge, superlattices.J Phys Con-

bulklike second-order nonlinear susceptibility in SiGe/Si step dens Matter,2001,13.L559

FAREETDHF-BE(MZ) THUNEFEEM B BEERE

Bwt' # & K F KIR EFEL KEe¥ TEY
CR R Bk S ARBIITI SEB0EE TR TSR, L5 100083)

R FTRGLT MZ T3 A0 & T Jasr 4 1 S v AR OB . 5% 58 MZ T 3 (UM L. i T 3 AU+
JIAT B ER A SR PR D DG 25 HEAT 2 4 DG IR — i it g R T 20 10mW ) DFB 0t & LS 305 10 15
W B P % O R T AR AR H ot R B TR B GaAs, KTP L GaN B RHE S Xt tb b A} T 9 e S 2R 20
B &5 R B A AT

SR WOBAOT R ELF s MZ T
EEACC. 7320P
RESHS: TN253  LHRRE: A WEAS: 0253-4177(2007)07-1012-05

* [ 5K M R 5T R TR (HEHES- 1 2006¢b302802) Fl [E K [ SR FL 2% 3 4 (it i 5 : 60336010,90401001) %% By 35 H
T i fE1E# . Email : tuxiaog@red. semi. ac. cn
2007-01-28 I F] . 2007-03-20 & ©2007 W EE T¥e



