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New optical probe of GHz polarization dynamics in ferroelectric thin films
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We describe a method for measuring the response of ferroelectric thin films to microwave-frequency
electric fields. A mode-locked Ti:sapphire laser is used to generate a microwave drive signal that is
phase locked to an optical probe pulse. The induced polarization change in the ferroelectric film is
measured stroboscopicallja the electro-optic effect. Images are acquired by scanning the laser
beam across the sample in a confocal geometry. Time resolution is achieved by changing the delay
between the electrical pump and the optical probe. Initial results show large local phase shifts in the
ferroelectric response of closely separatégum) regions of a BgsSr, 5TiO3 thin film. This new
experimental technique may help to understand the physical mechanisms of dielectric loss in these
materials. ©1999 American Institute of Physids§0034-67489)00809-9

I. INTRODUCTION (NSOM) has been used with picosecond light sources to
i . ) characterize microwave devicEsFor the investigation of
Ferroelectrics are promising materials for a number Oftgrgelectric thin films, it is the electro-optic response itself

applications. Their interesting properties are related 10 g4 s of interest, because it provides a direct measure of the
structural phase transition which results in a spontaneous ez qalectric polarization in the thin film.

versible electric polarization below a critical temperatlige
Current and potential applications for ferroelectric materials
include nonvolatile memory elemeritgptical waveguide$,
and electro-optic modulatofs.In the high-temperature
(paraelectric phase, the dielectric constant is large and

highly nonlinear. The nonlinearity arises from a field- sponse of ferroelectric thin films such asBg _,TiOs. The

induced hardening of the soft transverse optical phonoR,ethod is based on confocal scanning optical microscopy

mode? andgcan be exploitepl to make fielld-tunable Cé}DaC_itOV(CSQND, a technique developed earlier for quasistatic imag-
elements~8 However, the dielectric loss in ferroelectric thin

- =S ) ! ing of ferroelectric polarization in thin film¥ With CSOM,
films is still too large for them to be useful in real devices. Ity i the sign and the magnitude of the linear electro-optic

is therefore important to understand the physical mechanismgyetficient serve as a direct probe of the ferroelectric polar-
of dielectric loss in ferroelectric thin films. ization.

Optical techniques have been widely used in the study of Figure 1a) shows a video micrograph of a typical ferro-
ferroelectric<’ In particu!ar, stroboscopic methods were ©M-gjectric thin film with interdigitated electrodetight gray).
ployed soon after the discovery of many of the most widelyrg thin film (darker gray serves as a dielectric between the
investigated materials such as BajiOThe first time- 4 glectrodes. In our experiments, a microwave voltage
resolved work was performed at 60 Hz by MérEhe avail-  y/() is applied to the film. This voltage is derived from the
ability of pulsed lasers has allowed such stroboscopic meti‘bulse train of a mode-locked Ti:sapphire lagéequency
ods to be extended_ to much higher frequencies. HighT1=76 MH2) and is phase locked to a harmoriie=nf, of
frequency electro-opti¢EO) sampling methods have been e fndamental repetition rate. The optical pulses are essen-
widely exploited in other systems in recent years due to0 gy delta functions in time, with a pulse width on the order
increasing availability of uItrafast laser sources. Such saMaf 100 fs. As shown in Fig. (b), the pulses from the Ti:sap-
pling methods have been used in prdbdesigns to monitor phire laser are focused to a diffraction-limited spot on the
electronic cqrrents at microwave frequenc.|es. EO S""rm:’“ngample. The change in polarization state of the reflected light
of surface fields generated by photoexcited electron-holeyy gypsequently be related to the ferroelectric polarization
pairs have also been usEdThe sensitivity of EO probes is at one particular phase of the microwave fifidWe mea-
remarkable: they have even been used to detect the propaggjre the birefringence rather than the reflectivity change as
tion of single flux quanta in superconducting circd0  \ya described in Ref. 16 because it reduces the common-
methods have a distinct advantage over purely electroniﬁmde laser noiseThe phase between the microwave drive

probes in that they can be useditoagetransient current  gjona| and the optical pulse is varied using an electrical delay
densities in microwave circuits. Near-field mapping of the line. Because the birefringence change du&/¢t) is small

fields from znicrowave coplanar resonators has been_14-5) it is important to use noise-reduction techniques
demonstrated; also, near-field scanning optical Microscopy gch as lock-in detection. Therefore, we amplitude modulate
the microwave signal and lock-in detect at the modulation
dElectronic mail: jlevy@pitt.edu frequency €moq=2100 kH2. The lock-in signal therefore

Il. EXPERIMENTAL METHOD

Here we describe a method for probing the polar re-
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FIG. 1. (a) Video micrograph of a ferroelectric thin film with interdigitated l’
electrodes. Light regions indicate electrodes, while dark regions indicate
bare ferroelectric thin film. Boxed region indicates area over which images
are acquired(b) Schematic of time-resolved arrangeme(s). The driving FIG. 3. Time-resolved images of Bgbr, 5sTiO; thin film at different delays
voltage V(t) is modulated to allow for phase sensitive detection with a between the electrical “pump” and optical probe. Images ayenB<5 um
lock-in amplifier. in size.(a) t=0 ps.(b) t=120 ps.(c) t=240 ps.(d) t=360 ps.(e) t=480

ps. (f) DC reflectivity image of the film at=0 ps. Variations in intensity
. . . L . are small(<10%).

measures the difference in ferroelectric polarization with and

without the applied field. _ _

Figure 2 shows a detailed schematic of how the experi®Utput is square-wave modulatedfgl,q using a 502 GaAs
ments are performed. The output of the Ti:sapphire lasefWitch and sent to the electrode pattern on the sample.
(Coherent Mira 90pis sent through an optical isolator and  The transmitted output from the same beamsplitter is
vertical polarizer(not shown and split into two beams. The directed toward the sample. A half-wave plate rotates the
reflected beam is used to generate an electrical signal at tiRolarization by 45° with respect to the microwave electric
repetition rate of the laserf{=76 MHz) by detecting the field. The beam is then sent through a spatial filter and beam
pulses with a fast photodiode. The resulting signal is filterexPander and focused to a diffraction-limited sget500
and sent to a YIG-based tunable phase-locked oscillatd?™ Using a high numerical aperture objectifdA=0.85.
(PLO) (Micro-Lambda MLSO-113p This device can pro- The reflected light passes through the same spana_l filter in a
duce an output signal that is phase locked to a high harmonfeonfocal arrangement, further enhancing the spatial resolu-
n of the input frequencyoutput 2—4 GHx Using a different ~ tion. A polar.lzm.g bear_nsplltter, prlgnted qt 45° with respect
PLO it is possible to generate phase-locked outputs up to 4 the polarization axis of the incident light, separates the
GHz. The PLO output is sent through an analog electricalight into two orthogonally polarized beams which are di-
delay line(Gigabaudics PADLwhich can be varied from 0 rected to a balanced pair of Si photodiodebeled A and
to 10230 ps in steps of 10 ps. Both the PLO frequency and®)- The reference signal A is monitored while the difference

the electrical delay line are computer controlled. Finally, theSignal A-B is sent to a lock-in amplifier. The reference fre-
quency for the lock-in amplifier is used to modulate the am-

Balanced

plitude of the microwave signal, which in turn modulates the

Photodetector | AB ‘ Lock-in H computer‘ A-B S|gnql. The computer controls th_e. locking multipie
A B the electrical delay, the, y, and z position of the sample
(adjusted for maximum reflected lightand the acquisition
@ Sample___ Xy scan of signals from the lock-in amplifier and other sources. Im-
- ages are acquired by raster scanning inthedy directions.
Ti:Sapphire \\ M2 SFpial'::;l W g k Y g Y
BS
Ill. EXPERIMENTAL RESULTS
Photo- | | PLO L delay | | AM
diode line Images acquired at a particular phase of the driving mi-

— ]

FIG. 2. Block diagram of experimental setup.

crowave field give qualitative insight into the dynamical re-
sponse of the ferroelectric thin film on picosecond time
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0.5 - : - TABLE |. Coefficients for fits to data shown in Fig. 4. The fit is to the
aal . « Point A Fit ] functional form:S(t) = A; cos(2rft+ ¢;)+A, cos(4nf t+ ¢,).
* * L4
83] 1 A i ; j
oal { ] Aq A, b1 b2
a1t 3 : A Point A 0.099 0.237 1.00 1.40
00 Point B 0.093 0.236 2.90 1.44
0.1
0.2 P by ! " d : . . . . .
03] y * H ¢ paraelectric or have their ferroelectric polarization perpen-
0.4 () dicular to the applied fielde.g., c-axis oriented In such
s , cases one would expect a quadratic dependence of the mea-
04l « Point B Fit ] sured signal on the applied field. &t 360 ps[Fig. 3(d)], we
] A e . ] see very similar behavior to Fig(l3, since we are probing
0.2 \ : « 8 a the second zero crossing. it 480 ps[Fig. 3€)], the image

0.1 i ‘ is nearly identical to that shown in Fig(&8. This result is to

0.0 be expected because of the periodic nature of the excitation.
0.1 1 i ¢ ¥ _ Figure 3f) shows an image of the average sample reflectiv-
-0.2}% hd PY *

ity. Variations are smal{on the order of 109 and are used
0.3} : : ‘ 1 to ensure that the time-resolved images, when compared, are
041 in good registry.

-0.3 More quantitative information may be obtained by col-
lecting data at a fixed position on the sample while varying

(second harmonic subtracted) TR-CSOM Signal (arb. units) TR-CSOM Signal (arb. units)

=1

: “2r the electrical delay. Figures(@ and 4b) show two such

& 301t curves taken at points separated byuh. The response is

K 0o periodic with the expected period. Although there are clearly

= il higher harmonics, the data can be fitted well to an amplitude

s &.01 and phase of the fundamental and second harmonic, shown

2 in Figs. 4a) and 4b) as a solid line. Table | lists the values

© g0z of the fit for the two curves shown. The second-harmonic

= 0.3 . , amplitude and phase are comparable for the two curves, as
0 1000 2000 3000 are the amplitudes of the fundamental. The phase of the fun-

Delay time (ps) damental response is significantly different, and can be

FIG. 4. (a) Time-resolved signal obtained at a single location A. Solid line clearly seen by comparing points A and B with the second

shows a fit to a sinusoidal function at the fundamental and the seconfl@rmonic response subtractieg. 4(c)].
harmonic.(b) Time-resolved signal obtained at a neatlyum separation

location B.(c) Comparison of fundamental response of locations A and B.

The response at the second harmonic has been subtracted from both curv!e\é,' DISCUSSION
and a noticeable phase shift is observed. An understanding of the physical origin of the local

phase shifts observed may help in reducing dielectric loss in

scales. The film studied here is a 500 nm thick B, cTiO5 these materials. For example, local variations in stress are
film deposited epitaxially onto an MgO substrate Using 0ﬁc_known to manifest themselves as random local electric fields

axis sputtering. Figure 3 shows a sequence of five image¥nich can lead to glassy “relaxor” behaviof. More de-
taken over &5 um)? area at various electrical delays. In this tailed studies as a function of frequency, temperature, and

series of images, the microwave fieltamplitude 10 driving amplitude may help to clarify the role of ferroelectric
KV, /cm) is orien’ted at an angle of 45° with respect todomains in producing dielectric loss. The time-resolved tech-
horizontal. with a frequency ,,— 2.038 GHz. Att—0 ps Nidue described here can also be combined with higher spa-

[Fig. 3@)], the response is large, because at this phase in tHial 'resquFion probes such as apertureles; qear—figld scanning
cycle the applied field is close to a maximum. The appear®Ptical mlcroscopﬁﬁ to provide further insights into the
ance of positivebright) and negativédark) regions is due to mechanisms of dielectric loss in these materials.

the fact that the ferroelectric domains can have a component

that is either parallel or antiparallel to the electric field. ThatACKNOWLEDGMENTS
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At t=240 ps[Fig. 3(c)], the drive has changed by approxi- y;iding the patterned ferroelectric thin films.
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