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ABSTRACT

We have successfully demonstrated an 1n203:Sn semiconductor thin film waveguide. The energy gap of the
film can be manipulated from 3. 1 eV (0.4 pm) to 3.7 eV (0.335 iim) by changing the ratio of 1n203 and
SnO. Waveguide propagation losses of 3 dB/cm for transverse magnetic (TM) and 8 dB/cm for transverse
electric (TE) guided waves were experimentally confirmed at the wavelength of 632.8 nm. A phase
modulator containing an indium tin oxide waveguide, two holographic mirrors, two microprisms, and two
ohmic contacts was fabricated. Electro-optic (current injection) and all optical modulations were conducted.
A modulation depth of 18% was experimentally confirmed for the current injection device, using 15-volt
applied voltage, and a modulation depth of 15% using 250 mW 355 nm UV light as the activation sources.
An 1n203:Sn waveguide device working at the cutoff boundary was made. A modulation depth of 26 dB
was measured with an applied voltage of 30 volts. An array of applications, including use in current
sensors, ozone UV sensors, attenuated total reflection (ATR) modulators, delay lines for phased array
antennae and multi-quantum wells are highly feasible.

1.0 INTRODUCTION

We report the development of a new 1n203 film for use as an optical waveguide and an electrooptic and all-
optic modulator. The 1n203:Sn film has good transparency which allows a large number of optical
wavelengths to be multiplexed with the carrier signal. The index of refraction of the 1n203:Sn film shifts
from 2.0 with 100% 1n203 to 1.75 with 95% 1n203 and 5% Sn02 at the 632.8 nm wavelength.
Furthermore, the 1n203:Sn is a semiconductor film, so the effective index of the guided mode can be
modulated by current injection.13 With an electric field or an optical beam as the origin of the current
injection, electrooptic (current injection) and all-optic modulators, respectively, can be made with the
proposed thin film.

Film characteristics, such as transmission bandwidth, band gaps of 1n203:Sn films as a function of 1n203
concentrations, and carrier density, are described in Section 2.0. Theoretical and experimental work aimed
at providing a single-mode waveguide are also reported in Section 2.0 where waveguiding characteristics
and waveguide propagation losses for both TE and TM modes at wavelength of 0.6328 p.m are described.
The working principle of the active device for both electrooptic (current injection) and all-optic modulation is
detailed in Section 3.0. The experimental results are further described in Section 4.0. A Fabry-Perot
waveguide resonator was employed for intensity modulation. Further applications, including a short
interaction length attenuated total reflection (ATh) waveguide modulator, a current sensor, a UV sensor, and
a multi-quantum well (MQW) device are described in Section 5.0, followed by concluding remarks.

2.0 FORMATION OF AN In2O3:S SEMICONDUCTOR THIN FILM WAVEGUIDE

Transparent, electrically conducting 1n203 films are widely used in solar energy conversion, in
optoelectronics, and in other branches of technology. The wide transparent bandwidth of 1n203 films
makes it a good.candidate as a waveguide material. By varying the mole percentage of 1n203, the index of
refraction and the band gap of the 1n203:Sn can be manipulated over a wide range of interest. The index of
refraction of an indium tin oxide film can be represented by

362 / SPIE Vol. 1583 Integrated Optical Circuits (1991) O-8194-0714-3/91/$4.OO



2 4irNe2n =c0 —______
m*w0 (1)

where *opt iS the high-frequency permittivity and w is the frequency of electromagnetic oscillations at which

measurements were carried out (w = 2itc/X). The decrease in the index of refraction (Figure 1) with the
decrease in the 1n203 mole percentage implies that the carrier concentration is increased as more Sn02 is
doped into the 1n203 film. The experimental values of the energy band gap, graphed in Figure 2, were
obtained by detecting the absorption edge.

The band gap varies from 3.1 eV (0.4 .tm) with pure 1n203 to 3.7 eV (0.335pm) with 5% SnO in the
1n203 film. For all optical modulation (to be described in Section 4.0), the band gap energy Eg is 1fl
important parameter in determining the wavelength of optical activation. To date, there is no reported data
on the band structure of indium tin oxide film. The result shown in Figure 2 is correct for both direct and
indirect band gaps. In the case of indirect band gap absorption, a phonon must be absorbed to supply the
missing crystal momentum. This is typically a few hundredths of an electron volt and therefore of little
consequence except in semiconductors with a very small energy gap.4
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Figure 1 Index of refraction of In203:Sn film at 632.8 nm wavelength. X represents the pole
percentage of 1n203.

2.1 Waveguide characteristics

A variety of In2O:Sn guided wave devices working in the single-mode regime was investigated. Formation
of a single-mode waveguide was first confirmed by using prism coupling methods. With a 98%, 300 nm
In203:Sn film, a single-mode TM (transverse magnetic) waveguide was experimentally confirmed. The
result of the demonstration is displayed in Figure 3(a) where a bright streak is apparent in the photograph.
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The measured effective index was 1.750, very close to the theoretical result (1n203:Sn (n =1.9) on glass
(ii = 1.51) has an effective index value of 1.770). The mode dot coupled out of the output prism is further
illustrated in Figure 3(b). The observation of an m-dot rather than an rn-line insures the waveguide quality.
Note that the smoothness of the glass substrate plays an important role for the realization of such a
waveguide. To further characterize the waveguide propagation loss, loss measurement was conducted using
a two-prism method. Both TE and TM modes were measured. The waveguide propagation losses of 3
dB/cm and 8 dB/cm shown in Figure 4 were experimentally confirmed for TM and TE, respectively. The
measured results implied that a TM guided wave is more suitable than a TE guided wave for making a
modulator with high modulation depth.

Figure 2

Figure 3
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Energy gap of 1n203:Sn film as a function of the 1n203 mole percentage (%)

(a) Single-mode 1n203:Sn waveguide on glass substrate (the total length of the
waveguide is 5cm). (b) Mode dot coupled out of a prism coupler
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Figure 4 Loss measurement of single-mode indium tin oxide waveguide on glass substrate (98%
1fl203 mole concentration)

3.0 WORKING PRINCIPLE OF THE DEVICE

The electrooptic and all optic modulation of the indium tin oxide film was carried out by manipulating the
carrier concentration of the 1n203:Sn. There are two methods to provide this manipulation. The first
method is to electrically inject a time-varying current and the second is to optically activate the device using a
short wavelength light source with photon energy larger than the band gap energy Eg. For either case, the
carrier concentration of the indium tin oxide film will be perturbed and an index modulation within the film
will be generated accordingly.

A very large current induced index change was reported on Si, GaAs-GaA1As and
InGaAsP-InP.5'6 Because a current induced index change is much stronger than the linear electrooptic
effect, we can make an active device by injecting a time dependent carrier concentration. When the optical
signal carrier to be modulated is coupled to the single-mode waveguide, the induced current will interact
with the guided wave. The equation of motion of an electron in an electric field E of frequency o I2ic
along the vector direction of the electric field, say y, is

dv
m (2)

where me* is the effective mass of an electron and Ey is the electric field. The solution for Eq. (2) is

= + ie.E
eboot" "° o.m (3)

Because the mean velocity without the influence of E is 0, the first term V,,0 will be zero also. The current
induced by this optical field is

SPIE Vol. 1583 Integrated Optical Circuits (1991)! 365

1 2 3

Cm



J =N•e•V = •e •
e1(0ty y

w•m (4)

The current density induced by an electric field can also be written as

J=a•E (5)

where a is the conductivity. Comparing Eqs. (4) and (5),we have

iN • e2

Q).m* (6)
e

The dielectric constant and conductivity enter into the determination of the optical properties of a solid only
in the inti4

2 4icia(o.)
c(o.)=n0+ 0) (7)

where n0 is the index of refraction without the influence of current. From Eq. (6), we can easily write Eq.
(7) in the following form:

1/2 ( 2icNe2 )n = (c) ' flo I
1— 2 2 I (8). mCOn)

The An value in this condition is

—2icNe2An= 2 9m o n0

Because both electrons and holes contribute to the current, Eq. (9) is written as

—2icN e2 —2icNe2An= + (10)m 0 n0 me2n0

An. index modulation on the order of 102, which is two orders of magnitude higher than the linear
electrooptic effect, has been reported for current induced index modulation.1'

The device structure we employed is a Fabry.Perot waveguide resonator. The reflection mirrors are
constructed using a holographic phase grating (HPG). The existence of the waveguide propagation loss and
less than 100% reflectivity of the HPG reduce the peak transmission to less than unity. Figure 5shows the
curves of It/li with propagation loss as a parameter 30% reflectivity of the holographic mirrors is assumed in
this calculation. The structure of the basic device fabricated is shown in Figure 6. The grating fringe
associated with the holographic mirrors is evident. The index modulation within the cavity can be generated
either by current injection or by optical activation.
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Figure 5

Figure 6

h/ 0.2dB/cm
' (Loss)

Transmission (It/li) of a Fabry-Perot waveguide modulator as a function of the phase
shift with waveguide propagation loss as a parameter.

Device structure for an 1n203:Sn waveguide modulator
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4.1 Current induced modulation

An indium tin oxide waveguide modulator using the current injection method was demonstrated first. The
setup for waveguide coupling and current injection is shown in Figures 7 and 8. The phase-matching angle
for prism coupling is achieved by changing the azimuthal angle of the stage such that

Neff =N cos O (11)

can be achieved. In Eq. (11), Neff is the effective index and N and O are the prism index and the prism
coupling angle (within the prism), respectively. The current injection was realized by applying an AC
voltage across the two ohmic contacts shown in Figure 6. Figure 8 is a close-up view of the 1n203:Sn
waveguide device. Ohmic contacts, input and output prism couplers and the waveguide substrate are within
the view of this photograph. A modulation depth of 18% is observed at an AC pulse signal of 60 kHz and
an amplitude of 15 volts.

Figure 7

Note that the 18% modulation depth shown in Figure 9 is directly measured through the reference signal,
which has 100% modulation depth. The measured index modulation due to current injection was on the
order of iO3. Note that the modulation depth is limited by 1) the waveguide propagation loss which is
3 dB/cm for TM mode and 2) the reflectivity of the holographic mirror which is —30% in our experiment.
Note that a modulation depth close to 100% can be realized by minimizing the waveguide propagation loss
and by enhancing the reflectivity R of the holographic mirrors. A further current induced modulation was
demonstrated by injecting an electrical current into the indium tin oxide film through the ohmic contact. The
1n203:Sn waveguide has a waveguide effective index very close to cutoff (Neff = 1.525). Unlike the
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4.0 EXPERIMENTAL RESULTS

Setup for current induced mOdulation on 1n203:Sn thin film.



Figure 8

Figure 9

Current injection through the ohmic contact. Prism couplers are clearly shown.

Detected signal (60 kHz) with 18% modulation depth. Reference signal with 100%
modulation depth is also indicated.

linear electrooptic effect where the index modulation is electric-field orientation dependent, the current
induced index modulation reduces the index modulation regardless of the direction of current injection.
Consequently, the cutoff modulation can be realized by injecting a current into a single mode 1n203:Sn
waveguide having an effective index close to the cutoff boundary. The voltage needed to achieve the cutoff
modulation is8

y=(NeffNs)•R
k (12)
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where k is a constant representing the linear response of the refractive index of the film, R is the resistance
of the film, and N is the substrate index of the waveguide. Figure 10 shows the experimental throughput
of an acousto-optically modulated HeNe signal (85 MHz) under a DC voltage of 0,20, and 30 volts applied
to the ohmic contact associated with the device (Figure 6). An extinction ratio of 26 dB was experimentally
confirmed in this case. From the results shown in Figure 10, one can conclude that indium tin oxide film
can be used as a power limiter.

V =0 volts

V = 20 volts

V = 30 volts,
26 dB extinction
is observed

Figure 10 Throughput intensity modulation of acoustooptically modulated HeNe light (85 MHz)
using DC power of (a) 0 volt, (b) 20 volts, and (c) 30 volts.

4.2 All-optical modulation

Based on the principle described in Section 3.0, an alternative to activating the 1n203:Sn waveguide
modulator is to generate a time-dependent carrier density through electron-hole pair generation. The band
gap energy varies from 3.1 eV to 3.7 eV (Figure 2) which corresponds to an optical wavelength between
0.4 to 0.335 tm. To investigate the possibility of absorption due to shallow-level and deep-level states,7 an
Argon laser working at 436 nm was first employed for the demonstration. The experimental setup is shown
in Figure 11 where HeNe 632.8 nm light is prism coupled into the indium tin oxide planar waveguide. The
436 nm is focused into the active region between the two holographic mirrors (Figure 6). The waveguide
device used for this demonstration is the same as that of the current-induced modulator introduced in Section
4.1. A 436 nm light with intensity as high as 5W/mm2 was shone on the active region. Experimentally,
no intensity modulation was observed under this condition. This result implies that the absorption due to

370 / SPIE Vol. 1583 Integrated Optical Circuits (1991)



iLl I (1661) SJIfl3Jl ,eapd pejei5euj ggj yoj 3IdS 

6 J1 U! UflOJ q ui' uouDqdd 
IIrnpA!pU tp Jo uo4iosp v sooAp (j) jj wnunb-uInw pm? 'Uu1U ALU 

psqd 'siwq itod 'sionpow 'jjy unuos.i s1?qd 'siosuos Afl uozo 'siosus uuno pnjou sqj4 'A2ojouqoi us.id qi uo psq ojqsj rn suoioqddI jo (iu.n uy soptp ouoIpo1do inn.r3so1ow 
ioj qZfl?oJdd u!s!woJd s Zejug pui EOZuj jo oniu qi 2ui2uqo Aq d2 puq Jo uo!pLnd!uI 

1? IjflS Z!!1 O pOquI pJuOjiq?us ? ! qI UO 31flO5 UO!PA1O jgDdO Afl JO 
puaun iqu JO uopnuwJduq .Ouu snJ qi ioj ponpoJlui s! lOUflnpOw p!n2oA1?h MXO U wnpu uy 

SNOLLVDIIddV IIHLUf1I O 

001fl05 UOt1AUO g iS?j uo2rc wu 9Ej ju wq JOUJI?O j1?U!S s °Nll wu g9 u!sn uonpow podo jp jo dnps piutuudxa 11 2!d 

'ZIP! f7 JO 
wnwixui sq 43qM A3UflbJj Jddoq3 qi Aq P1!u!I Ps uojnpow qj '%çj °' pinsw 

5gM qi jo qithp uornjnpow a jusid ! uiu 8Z9 2? Afi pxJdoq3 AIp?c!.Ipp q2 q2ht 
pziuoJqouAs s qoqt AM ppn2 pjnpow zpj j y j "2!d U! pXjdsp s pu2s pp qi jo 

woono ijjdw ui o puuo s qoq iOop uos u-!-d ouo p2iui s AIM ppn2 NH 
JO I!I indq2nwqi tjj •wIIJ ppco uu wnpu qi uqi piio q u uogwiuuoo JJJ3 2UpUthp-UI2 
? Pfl Os :IqJ All q:i 2gjnpow 02 ! iddoqo wq qi jo osod.md ta pipui Xj11J3 JI? UOU3p p1fl3 

uouoiduig ioj iuwdrnb nuo.qj pui ioiop s ' 'iopjnpow pn2AIM u:cjZu ui 'siidnoo wid 
'Jos1I NH g '.iddoq3 tuq ,&r i '(Xtio 0HH) JO1gJU2 soiuow.nq pitp 'isij OVA v iuwrusu 

iflP!A!PU! 02 ! I°PI g zi: "! UMOLjS ! UO.USUOW Lj1 jOIJ 01 pSfl 
dns 'LL (EOtuI %86) wju p!xO u!:1 WflijUi 'T woij piu U3 s.ipd joq-uoup 'ssuj Afi 

q2noiqi uoi2 AU OLp OUO q2j ,e qi 2ui2inui pu 2uui.u!jio3 Xj pns(i oja wo p2JU2 
SM U12!I All mu çç 'MW oc ponpuoo st uuqidx p3do-jp u '(isj OVA jo ouow.nq piqi) 
wu çç oi mu 9f,p woij oainos qj UO1AP1 qi uijqs Acj uouuiouqd qi AJSqO Xjitjp O Sn hOjf 

9-01 S1 jJI?UUS s1 suojnpow xpu 'wq3s piuwLIdx mo JOd jq2j2u s sjAj-MoJqS pui dp 



Figure 12 Experimental setup of all optical modulation using 632.8 nm HeNe as the signal carrier
beam and 355 nm laser light as the activation source.

I_II, tuJumu_UIlihiJurn
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Figure 13 4 kHz modulated signal of 632.8 nm HeNe guided wave using 355 nm UV laser as the
activation source. Modulation depth of 15% is observed.

The feasibility of engineering the band gap by altering the concentration ratio of 1n203 and Sn02 provides us
with a farreaching application scenario--MQW. Figure 14 is a schematic of the 1n203:Sn compositional
superlattices which asssume a direct band gap. It is clear that both nonlinear all-optical devices such as
optical bistable devices 10and the electro-absorption devices such as self electrooptic effect devices (SEED)

are very attractive.

6.0 CONCLUSIONS

We have successfully demonstrated a cost-effective way of generating an indium tin oxide semiconductor
film which was proven to be an acceptable waveguide for both TE and TM modes. The band gap and thus
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Figure 14 Multi-quantum well structureby altering In2O and Sn03 concentration.

the activation photon energy can be tuned from 3. 1 eV (0.4 jnn) to 3.7 eV (O.335 tm) by changing the ratio
of 1n203 and SnO. Phase modulation using an InO3:Sn single-mode waveguide in conjunction with two
holographic mirrors was demonstrated in both a current injection scheme and an optical activation scheme;
The 18% modulation depth for current injection modulation at a pulse frequency of 60 kHz and all-optical
modulation with 15% modulation depth using 355 nm light (third harmonic of the YAG laser) were
experimentally confirmed. The relatively low modulation depth was attributed to the low reflectivity of the
holographic mirrors and 3 dB waveguide propagation loss. A further experiment on an indium tin oxide
waveguide modulator working in the cutoff regime was conducted by injecting a DC current into the
waveguide through the associated ohmic contact. Modulation depths as high as 26 dB were measured. Due
to the simplicity and innovativeness of the proposed concept, a number of highly feasible applications were
presented. These include current sensors, UV sensors for the ozone shell, short interaction length ATR
waveguide modulators, phased-array delay lines and multi-quantum well devices. Table 1 summarizes the
indium tin oxide waveguide devices and compares them with existing external EO modulators. It is clear
that the proposed 1n203:Sn waveguide modulator has advantages in parameters 3, 4, 5, 6, 8, 9, 10, and 11.
For parameters 1 , 2, and 5, the proposed waveguide modulator is equivalent to the existing devices. The
major uncertainty is the modulation speed of such a device. The mechanism of introducing an index
modulation within the semiconductor film is to perturb the minority carrier concentration of the film.
Therefore, the element determining the switching speed will be the carrier lifetime of the electron-hole pairs.

This research program was sponsored by the National Science Foundation.
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Table 1. Demonstrated Features of the 1n203:Sn Waveguide Modulator Compared With Those of
Existing Active Devices
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