
226 

Thin-lib ZnO as Micromecbanicd 

Senvors and Actuators, A21 423 ( 1990) 226-228 

Actuator at Low Frequencies 

F R BLOM, D J YNTEMA, F C M VAN DE F’OL, M ELWENSPOEK, J H J FLUITMAN and TH J A POPMA 

Faculty of Electrical Engmneertng, Untverstty of Twente, P 0 Box 217, 751x) AE hidteak (The Netherkma3) 

Abstract 

A new model IS proposed for the low-frequency 
plezoelectnc acttvlty of ZnO films grown on CVD 
BO, In this MOS structure, wth ZnO as the 
sermconductor, a depletion layer is induced by 
means of a d c has voltage Usmg standard 
semiconductor theory, an expression 1s derived 
relating the electnc field m tis depletion layer 
mth the dnvmg a c and d c voltages Due to the 
built-m charge at the ZnO-StO, interface, a de- 
pletion layer exists, even when no d c bias 1s 
applied We measured the vibration amplitude at 
resonance of the tip of a slhcon cantdever, upon 
which the MOS structure was deposited, as func- 
tion of a c and d c voltages The results show 
good agreement Hnth calculated curves Therefore, 
it can be concluded that thm-film ZnO can be 
used as a plezoelectnc actuator for nucromecham- 
cal devices workmg at low frequencies 

Introduction 

Thm-film ZnO 1s a very prormsmg matenal for 
electromechamcal transducers, since it has high 
piezoelectnc couphng factors [l] Unfortunately, 
there are several problems Hrlth this matenal The 
most severe problem arises from the conductlvlty 
due to excessive zmc, which prevents any electnc 
field bulldmg up m the film at low frequencies 
The cut-off frequency 1s determmed by the relax- 
ation time z, gven by the product of the reslstlvlty 
p and the pemutivlty E of the matenal[2] Conse- 
quently, ZnO films can easily be used above 
1 MHz and therefore tlun-film ZnO 1s often used 
as a plezoelectnc transducer m the field of SAW 
and BAW resonators (see, e g refs 2 and 3) 

At low-frequency apphcations, however, the 
bmld-up of an electnc field IS counteracted by 
charge transport of free carriers In the hterature, 
solutions for this problem have been sought by 
increasing the reslstlvlty of the iihn by doping 
wth, for instance, hthmm [2], or by encapsulating 
the ZnO film between msulatmg S102 layers, 
hence cutting off electnc leakage paths [4,5] The 
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explanation Muller et al [4, s] &Ive for the low- 
frequency activity of thev ZnO fihns IS the Debye 
length, L,, bemg much larger than typical film 
thicknesses of 120 and 1 pm, respectively Thus 
explanation IS not vahd for our ZnO iihns grown 
on CVD &O, as we have determined a much 
smaller value for b, namely LD = 5 mn [6] How- 
ever, earher work m our group on rmcromecham- 
cal sensors demonstrated the low-frequency 
activity of ZnO fihns as plezoelectnc transducers 
[7,81 

In this paper we propose an explanauon for the 
low-frequency actn&y of ZnO films, based on 
standard sermconductor theory (see ref 9) and the 
electnc model for these layers, which 1s described 
elsewhere [ 61 

Model 

A sputtered ZnO fihn can be treated as a 
polycrystalhne senuconductor Low-frequency ap- 
phcation of this piezoelectnc matenal reqmres a 
depletion layer mslde the senuconductmg film to 
sustam an electnc field, for instance by means of 
an MOS structure The wdth of this depletion 
layer can be calculated as a function of the ap- 
plied d c voltage from standard senuconductor 
theory When the electnc field 1s known, the elec- 
tromechamcal transduction of the piezoelectnc 
effect can be calculated 

In the followmg, we shall apply this sunple 
strategy to a ZnO iilm grown on CVD SiOz, an 
MOS structure, depicted m Fig 1 Also m this 
Figure the space charge &stnbuuon and the elec- 
tnc field m the Merent layers are shown, d a 
negative d c voltage, U,, 1s apphed Usmg Pals- 
son’s equation we can calculate the electnc field m 
every regon Integrating over the complete MOS 
structure, we denve the relation for the Hndth of 
the depletion layer as a function of Uo,-, 
W,( V,) On thus d c voltage we superpose an 
a c signal, UAc, which is so small that W, is not 
influenced In tlus case the electnc field m the 
depleted ZnO, E,, vanes propotionally to U,, 
In order to determme the relation between E. and 
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Rg 1 Cross section of the S10~-Zn0 MOS structure with 
the space charge dlstnbuhon and the electnc field m the 
different repons If a negative d c voltage IS apphed 
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Fig 2 Schematic drawmg of the MOS structure, showmg the 
columnar structure of the ZnO layer with the permauently 
depleted boundary re@on, the senuamduchng kernel and the 
mduced depletion layer m the kernel Also unporlant parame- 
ters and the eqmvalent clrcmt are shown 

u A,-, we have to take a closer look at the lilm 
structure 

Our ZnO fihns consist of columnar grams, 
contalmng a senuconductmg kernel surrounded 
by a permanently depleted boundary reDon [q 
TIE 1s schematically deplcted m Fig 2 The 
eqmvalent crrcmt of the MOS structure then con- 
sists of three capaators, one corresponding to the 
ho, layer, C,,, one to the boundary regon, C,, 
and one due to the induced depletion layer m the 
kernel, C, With the asd of thus clrcmt we can 
calculate the relation between IJ,, and E,, which 
is also dependent on V,, thus E.=f(U,) CJ,, 

Measurement Method and Sample Structure 

In order to determme the plezoelectflc activity 
of the ZnO films, we used a rmcromachmed slh- 
con cantdever Hrlth an MOS structure deposited 

top, see Fig 3 This multilayer structure IS ex- 
cited mto a bendmg mode vibration by the 
plezoelecttlc effect m the depletion layer The 
vlbrabon amphtude of the tip of the cantilever at 
resonance 1s measured Hrlth a heterodyne Mach 
Zehnder mterferometer, which allows an absolute 
determination of the amphtude 

The cantilevers are 5 mm long, 0 2 to 0 5 mm 
Hrlde and 15 to 25 pm ttuck, dependmg on the 
batch used The ZnO film IS reactively sputtered 
m a planar RF magnetron system from a pure 
Zn target using 100% 0, The ZnO IS 0 5~m, 
the 802 0 15 pm tick, respectively Molybde- 
num 1s used as the bottom electrode, ahmummn 
as the top electrode mater4 The tip of the 
cantilever 1s not deposlted wth thm films and 
serves as a rmrror for the optical detection 

A relation 1s now denved for the deflection of 
the tip of the sdlcon cantilever wtth an MOS 
structure deposited on top, due to the prezoelec- 
tnc actlvlty m the ZnO, see Fig 3 As a first 
order we shall approximate the actlvlty of the 
complete ZnO layer wth that of a layer havmg a 
thickness IV, only The electnc field is apphed 
over this thickness, resulting m a mean stress m 
the ZnO The real stress datnbution m the ZnO 
layer 1s much more comphcated, cf Fig 2, and a 
three-&menslonal analysis IS reqmred to solve 
this problem Our approxunabon results m ne- 
glectmg the upper part of the ZnO layer 

Since the thickness of the ZnO layer, d,, 1s 
much smaller than that of the silicon cantilever, 
d,, we find a simple relatron between the dynanuc 
Mbratlon amphtude of the cantilever at reso- 
nance as functton of the dnvmg a c and dc 
voltages 
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Fig 3 The multdayered cantdever m vlbrationary detlect~on 
with a close-up the cross -on of the SIO,-ZnO MOS 
structure on top of the s&con 



228 

where Q, Y,, Y,, 1, and 4, are, respectively, the 
mcchamcal quality factor, the Young’s modulus 
of ZnO and of B, the length of the cantilever and 
the plezoelectnc coefficient of ZnO 

Results and Discussion 

Results of measurements of the vlbratlon am- 
plitude of the tip of the cantilever as a function of 
U,, and U,,, are shown m Fig 4 The theoretical 
curves, calculated according to eqn (l), are 
drawn as well In these calculations the bulk value 
of the plezoelectnc coefficaent d,, 1s used, namely 
d3, = -5 1 x lo-‘*m/V [lo] The mechanical 
quality factor of the cantilever 1s 95 f 10 

In Fig 4 it 1s seen that the measured results 
agree quite well with the calculated curves 6 is 
proportional to U,, and varres wth U,, m ac- 
cordance to our model We also observe S re- 
mammg constant for U, below -4 V In this 
case mverslon occurs at the ZnO-&02 interface 
and the depletion layer m the ZnO has reached Its 
maximum width This effect 1s not accounted for 
m the calculations 

Furthermore, we observe an off-set m the 
d c voltage of 7 + 1 V, which is due to mter- 
face charge at the ZnO-SlO, interface Thus shift 
1s m agreement with the results of C- V measure- 
ments, where a mean flat-band voltage was 
found of 5 + 1 V [6] An important conclusion of 
this observation is that no external d c voltage 
1s rcqmred to use the plezoelcctnc effect We 
can also apply this explanation to the results 
of Muller et al [4, 5] As outlined above, they 
encapsulated then ZnO films between msulatmg 
SiO, layers Because of the interface charge, they 
found low-frequency plezoelectnc activity of the 
ZnO 
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Fig 4 Measured (0, n , A) and calculated (full hne) values 
of the vlbratlon amphtude S of the tap of the cantilever at 
resonance as a function of d c and a c voltages 

In this paper we propose a new model explaining 
the low-frequency application of senuconductmg 
ZnO films Using an MOS structure vvlth ZnO as 
the semiconductor, a depletion layer 1s induced by 
means of a d c voltage The electrrc field m tis layer 
1s proportional to the dnvmg a c voltage Because 
of a built-m charge at the ZnO-B02 Interface, a 
depletion layer exists, even when no d c bias 1s 
applied Therefore, ZnO thm films can be apphed 
as plezoelectnc transducers for rmcromechamcal 
devices working at low frequencies 
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