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The electrical properties of  r.f. planar magnetron sputtered ZnO films are 
studied by means of  current-voltage, capacitance-voltage and Van der Pauw 
measurements. 

These films are applied as piezoelectric transducers in micromechanical sensors 
and actuators. Their piezoelectric behaviour strongly depends on the electric 
properties. 

A conduction model for the polycrystalline ZnO layers is presented. This 
model gives a good description of  the electrical behaviour, and is useful in 
understanding the piezoelectric properties of  the films studied. 

1. INTRODUCTION 

Within our group, ZnO films are applied as piezoelectric transducers in 
micromechanical sensors and actuators. The films are sputtered on substrates of  
silicon, silicon oxide (crystalline and amorphous),  metal (aluminium, silver and 
gold) or quartz, from a zinc target in a pure oxygen atmosphere with a planar r.f. 
magnetron sputter unit. 

It  was concluded that the piezoelectric behaviour of  these ZnO films was much 
worse than had been expected 1-3. Suggested possible causes were (i) lower 
piezoelectric coefficients for the film than the bulk values, (ii) losses due to direct 
currents and (iii) structural deviations. 

We studied the structural, electrical and piezoelectric properties of  the films 
and their relations to the deposition parameters.  Deposition a n d  structural 
properties are discussed in Part  1 4. A study on the piezoelectric behaviour has been 
reported elsewhere 5. 

In this paper  (Part II) we deal with electric properties. In Section 2, a model for 
the electrical conduction of  the films is presented. In Section 3, experiments 
concerning current-voltage, capacitance-voltage and Van der Pauw measurements 
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are described. Results are given and discussed in Section 4, while conclusions are 
presented in Section 5. 

2. CONDUCTION MODEL 

Sputtered ZnO films are polycrystalline, the individual crystals growing 
preferentially with their crystallographic c-axis perpendicular to the substrate. ZnO 
belongs to the hexagonal wurzite crystal type, having 6rnm symmetry. It is generally 
treated as an n-type semiconductor, as a result of excessive zinc, with interstitial zinc 
atoms and/or oxygen vacancies occupied by electron pairs, serving as donor  states.6 

2.1. Basic models f rom the literature 
Several conduction models for polycrystalline semiconductors can be found in 

literature. Basic models are proposed by Volger 7 and Petritz 8. Reviews of these 
models, their limitations and refinements, are given by Kazmerski 9 and by Orton 
and Powell l°. 

In the Volger model, the polycrystalline material is divided into identical cubes 
(the grains) consisting of  two different materials: the bulk material at the centre of  
the cube (the kernel), and the boundary material which surrounds this centre (grain 
boundary region) (Fig. 1 (a)). Generally, the grain boundaries of  a polycrystalline 
semiconductor contain surface states, due to defects or absorbed ions, which can 
trap free carriers from the bulk material. This results in band bending near the grain 
boundary (see Fig. l(b)) and depletion of the boundary material. Thus the 
boundary region can be described electrically in terms of  two back-to-back 
Schottky barriers. 

g r a i n  
boundaries 

kernel 
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A 

boundary ke rne l  g r a i n  boundary 
(a) r e g i o n  (b) r e g i o n  

Energy t 

Fig. 1. (a) Geometric model ofa polycrystalline semiconductor, showing the cubic grains comprising a 
kernel and a grain boundary region. (b) Energy band representation of an n-type polycrystalline 
semiconductor (grain size l, grain barrier height ~bb). 

If the mechanism for conduction across the barriers is known, then expressions 
for the effective resistivity of  the polycrystalline material can be derived. Basic 
assumptions thereby are that both the mean free path 2 of  the carriers and the Debye 
length LD are small compared with the grain size. 
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2.2. Geometric model o f  the Z n O  f i lms 
It  was shown in Part  14 that ZnO films grown on amorphous  SiO 2 substrates 

consist of  broad columnar grains with their long axis perpendicular to the substrate, 
containing hardly any boundaries parallel to the substrate. Therefore we can 
simplify the three-dimensional Volger model with cubes to a two-dimensional 
model with columns (Fig. 2). These columns, with (grain) width l and height dz (film 
thickness), comprise semiconducting kernels (width 11), surrounded by permanently 
depleted boundary regions (width •2). 

k e r n e l  L. ~ : .a: : g r a i n  
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Fig. 2. (a) Geometric model ofa ZnO layer showing the columnar grains comprising a kernel and a grain 
boundary region. (b) Top view showing the different regions. 

2.3. Free carrier concentration and trapping state density 
A basic assumption is that all donor  states are ionized, and thus the free carrier 

concentration n z inside the kernel equals the donor  concentration N o. Considering 
the energy differences between the donor levels and the conduction band, typically 
0.05 eV, this appears to be a valid assumption 6. A relation between the density n t of 
trapping states at the grain boundaries and n z can be derived by equating the 
number of  donor  states in the boundary region with the captured electrons in the 
trapping states at the boundaries. We then find 

1 ~(Y + 1) 2 - -  1.~nz I 
J 

with 

7 = 12/ll a n d / =  11+l 2 

(1) 

(2) 

2.4. Resistivity parallel and perpendicular to the substrate 
The resistivity Pl of  the kernel is much smaller than that P2 in the grain 

boundary region. Using the geometric model of  Fig. 2, we find the following for the 
effective resistivity pll parallel to the substrate: 

(y+ 1)Pill +7(Y+ 1)P211 
Pql = YPl/P211+Y 2 + Y +  1 (3) 
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Also, for the resistivity p± perpendicular to the substrate, 

2 /921 

P l = ( T + l )  p 1 ± { ( 7 + 1 ) 2  1}Pl±+P2± (4) 

where Pxl and P~l are the resistivities of  the kernel parallel and perpendicular 
respectively to the substrate. Generally, these two differ for the two crystal 
directions The same holds for P2 and Pz~, the resistivities of  the grain boundary 

• II 
region parallel and perpendicular to the substrate. 

2.5. Conduction mechanism across the barriers 
The dominant conduction mechanism across a barrier is determined by the 

tunnel constant E0o (ref. 11): 

Eoo = (ehl2)(Nolem*) u2 (5) 

with m* the carrier effective mass, e = ere0 the permittivity of  the semiconductor (er 
is the relative permittivity and eo the permittivity of  vacuum), e the electron charge 
and h = h/27t (h is the Planck constant)• 

If Eo0 ~ k T ,  with k the Boltzmann constant and T the absolute temperature, 
then thermionic emission is dominant; only free carriers with an energy exceeding 
the height ~b b of the barrier contribute to the conduction. At room temperature this 
is the case for ND < 10Z4m-3. As will be seen, thermionic emission is the relevant 
conduction mechanism in our case. 

For  larger values of  Eoo, tunnelling through the barrier becomes more 
important. We can then distinguish thermionic field emission and field emission. 
Field emission only plays a role at very high doping levels (No > 1028m-3) or low 
temperatures. 

2.6. Effective resistivity 
The current i flowing over a barrier when a voltage Vb is applied is given b y  

• f {eVb  t i= ,olexPt )- ,. (6) 

where for thermionic emission i o is given by l° 

. (+b) 
io = A A  ~-~exp -~ -~  (7) 

with A the area of  the surface perpendicular to the current, 4~b the barrier height, A" 
the Richardson constant and N~ the effective density of  states in the conduction 
band. A'  and N~ are given by 

A'  = 4nm*e(kT)2/h  3 (8) 

and 

Nc = 2(21tm*kT/h2) a/2 (9) 

For  a small applied voltage (V b ,~ kT/e) ,  the voltage drop across the back-to-back 
double barrier is equally divided between both barriers. In this case the differential 
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conductance g2 across the barrier is given by 

• lldzeA'nz, exp (10) 
g2 - -  ~ b  - -  1 0 2 ~  2kTN¢ k T  

With 1/g 2 = p212/lldz and using eqns. (2), (3), (8) and (9), we can find a relation 
between PIT and ~b: 

1 7 7 + l ( 8 n m * k T ) l / 2  ( ~ T )  
Pll - -  72-I-T-I- 1 plH -~ exp (11) 72+7+1 7 le2n~ 

3. EXPERIMENTS 

All ZnO films are sputtered under s-conditions4: 
substrate temperature 400-450 °C 
r.f. forward sputter power 1800 W 
oxygen pressure 0.86 Pa 
target-substrate distance 45 mm 

3.1. Current-voltage 1-I/measurements 
Current-voltage l-I~ measurements are performed, using an HP Parameter 

Analyser, in order to determine the resistivity p i  perpendicular to the substrate. The 
ZnO is sandwiched between two aluminium electrodes, as shown in Fig. 3(a). The 
sample temperature is varied using a heater-controller. 

3.2• Capacitance-voltage C-  V measurements 
Standard capacitance-voltage C-  V measurements 12 - 14 are performed with an 

HP 4194A impedance-gain phase analyser at a spot frequency of  1 MHz, using a 
metal-oxide-semiconductor (MOS) structure with ZnO as the semiconductor (see 
Fig. 3(b)). A sample comprises a 4 ~tm thick layer of  ZnO on top of  a chemically 
vapour deposited SiO2 layer, sandwiched between two aluminium electrodes• 

(a) (b) 

m m I ] ZnO, 4 ~m t h i c k  

~ S u b s t r a t e :  
t h e r m a l  SIO 2 

CVD SiO 2 

(c) l Alumtnium 

Fig. 3. Sample structures for (a) 1-V measurement, (b) C - V  measurement and (c) Van der Pauw 
measurement. 

Figure 4 shows an equivalent electrical circuit representing this MOS structure• 
Cd corresponds to the permanently depleted grain boundary regions, Cz to the 
induced depletion layer in the kernels. Rz to the semiconducting kernels, and Cox to 
the CVD SiO2 layer. 

The thickness Wd of  the induced depletion layer varies with the applied d.c. 
voltage, and so does C~. W d reaches its maximum Wmax when an inversion layer is 
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Fig. 4. Cross-section of  the MOS structure and the equivalent electrical circuit. 

Cz 

created at the ZnO-SiO 2 interface. Wraax is a function o fn  z x4.~ s. 

~4ekT ln(n~'~x/2 
Wmax = [e2n~ \niJJ  (12) 

with n~ the intrinsic free carrier concentration. 
Fixed or mobile charges may be present in the SiO2 or at the ZnO-SiO2 

interface, causing a shift in the fiat band voltage VFa (the difference between the 
work functions of metal and semiconductor) and deforming the C-Vcurve  (Fig. 5). 

A normalized capacitance Cn is defined as the ratio of the total capacitance 
Cuos of the MOS structure to the capacitance Cox of the oxide layer. This Cn 
reaches a minimum value Cn_mi n when Wa reaches Wma x. For Cn_mi" w e  find 

C n _ m i  n ---- C M o s ( W d  = Wmax) 

Cox 

c.+c, 
-c.+Q+Cox 

~o~ Wm~ (y+1) 2 1 -~ = l-~ (13) 
~ ao, {(~+l)2-1}Wm.,/az+l 

with Cox and e, the permittivities of  the SiO2 and ZnO respectively and dox the 
thickness of  the chemically vapour deposited SiO2 layer. Ca_ rnin is derived from the 
C-Vplot ,  and depends on the parameters y and n,, since Wmax = Wmax(nz). 

3.3. Van der Pauw measurements 
In order to determine the resistivity Prl parallel to the substrate, the Van der 

Pauw method is used 16. The samples (see Fig. 3(c)) comprise squares of  4 ~tm thick 
ZnO, grown on chemically vapour deposited SiO2. Aluminium point electrodes are 
deposited on top of these squares, at the corners. 

The measurements are performed inside a dark and grounded box. The sample 
temperature is varied using a heater-controller. 
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Fig. 5. C Vcurves, ideal( ), and distorted as a result ofa fixed charge ( - - - - - - )  and as a result ofa  
mobile charge ( . . . . . .  )15. 

3.4. Determination o f  nz, nt, 7 and p ~± 
Using the I-V, C - V  and Van der Pauw measurements, p±, C.-mi, and q~b are 

determined. The grain width l is measured by scanning electron microscopy 
(SEM) 4. In order to determine n z, nt, )~ and Pt±, four equations are required. We 
have derived three of them: eqns.(1), (4) and (13). The fourth equation is the 
Poisson formula for a single barrier, relating Cb, nz, l and 7 t4,~ 5: 

e2nz12(7+l~ 2 (14) 
= 

Using an iterative method, the four (non-linear) equations are solved for nz, nt, 7 and 
p~±. Values for the constants ez, eo~, ni and m* are obtained from the literature. 

4. RESULTS AND DISCUSSION 

4.1. I-Vmeasurements 
All I - V  measurements reveal an ohmic behaviour of  the A1-ZnO-A1 structure, 

indicating ohmic contacts between ZnO and aluminium. 
Figure 6 shows a plot of  p± vs. temperature T, in which p± appears to be 

independent of  the temperature. This is in agreement with our assumption that no 
grain boundaries are present parallel to the substrate. 
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Fig. 6. Resistivity perpendicular to the substrate v s .  temperature for two AI-ZnO-A1 structures. 
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4.2. C - V  measurements 
C- V plots were recorded for a number of  samples with different surface areas. 

A typical plot is shown in Fig. 7. A shift A VFS in the flat band voltage from its ideal 
position is observed. We measured an average shift of  5 _ 1 V, which means we are 
dealing with negative charge carriers trapped in the SiO2 or at the ZnO-SiO2 
interface. 

The average value of C,-mi,, as derived from these C-  V plots, equals 0.5 + 0.1. 
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Fig. 7. Typical C-Vplot. 
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4.3. Van der Pauw measurements 
For  a number of  samples with different surface areas, Pll VS. temperature was 

measured. As expected, Pll decreases with temperature, whereby we can conclude 
that the resistivity parallel to the substrate is determined by the barrier resistivity. 

It appears that the term pll/(72 + 7 +  1) in eqn. (11) can be neglected compared 
with Pll for temperatures below 400 K. Therefore, q~b can be derived from the slope 
of  a plot o f l n ( p J T  */2) vs. 1/T. In Fig. 8, plots ofln(Pll/T*/2 ) vs. 1/Tare shown for a 
number of  measurements performed on the same sample within a short period of  
time. From measurement to measurement, both Pll and 4, b decrease, but seem to 
reach equilibrium values at the last measurements. In Table I, measured values of  Pn 
at room temperature and calculated values of  ~b are listed. 

We can conclude that pll(T) and q~b are strongly dependent on the thermal 
history of  the sample. Shapira et al. 17 and Tansley and coworkers ~ L 1 a-2o described 
the processes which cause these phenomena. The major adsorbed species at the 
grain boundaries is carbon, which becomes chemisorbed as CO2 in the presence of  
oxygen. This CO2 is ionized to CO 2- by trapping a free electron. By means of  
illumination, this ion-molecule can be neutralized and molecular CO2 desorbs from 
the sample. Thus, the number of  trapping states diminishes and the barrier height 
and consequently the resistivity decrease. When the illumination is removed, oxygen 
again adsorbs on unattached carbon sites, creating new trapping states, and the 
barrier height will again increase. 

Tansley et al. 2° reported that these sorption-trapping-desorption processes 
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Fig. 8. ln(Pll/T1/2 ) vs. 1/Tfor the same sample (77P1 l), measured several times in succession: symbols as 
in Table I. 

TABLE I 
DATA FOR MEASUREMENTS OF Pll FOR SAMPLE 77P11 

Number symbol Date o f  measurement dpb P II at room temperature" 
in Fig. 8 (eV) (f~ m) _+ 50% 

1 0  June24 1.7_+0.1 > 101° 
2 A June 28 1.2_+0.2 > 10 9 

3 I~ June 29 0.9+_0.1 108 
4 V June 30 0.9_+0.1 10 s 
5 [] July3 0.9_+0.2 l07 

• + 50%. 

also occur  when the sample  is hea ted  ins tead  o f  i l luminated .  They  found  tha t  the 
conduc t iv i ty  exhib i ted  a s t rong  increase with t empera tu re  above  5 0 0 K ,  in 
agreement  with our  obse rva t ions  (Fig.  8). They  deduced  values for  the ba r r i e r  height  
ranging  f rom an  ini t ial  value o f  0.85 eV to 0.6 eV af ter  i l lumina t ion  o r  hea t ing  1 a. W e  
found  values o f  1.7 eV and  0.9 eV respectively (Table  I). 

4.4 .  C a l c u l a t i o n  o f  n z, n o 7 a n d  p l  ± 

The  values o f  l, p±,  Cn_mi  n and  ~b b being known,  we can  now calcula te  n~, n t, 7 
and  P l± .  

F o r  m* we take  0 . 27me ,  with me the e lec t ron  rest mass  6. Using  eqn. (9), we find 
N c  = 3 . 5  x 1024m -3.  

Us ing  the we l l -known fo rmu la  for  ni 14, 

n i = ( N c N v ) l / 2 e x p (  - -  e g / 2 k T )  (15) 
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with Arc = Nv, Nv the effective density o f  states in the valence band  and es = 3.2 eV, 
the gap energy of  ZnO, we find ni = 6 x 10- 4 m -  3. 

For  the permittivities eox and ez, we have 3.5e o and 11.3e 0 respectively 21, with ez 
the permittivity at constant  stress. 

The values are summarized as follows: 

l = 0.3 __+ 0.1 Ixm (SEM observations'*) 
p± = 20 + 5 (2 m ( I -  V measurements)  

C,-ml. = 0.5 _+ O. 1 ( C - V  measurements)  
~b b = 1.2_+ 0.3 ev (Van der Pauw measurements)  

With the iterative method ment ioned previously, we find 

n z = 5 x 1023m -3 (q -  50~o) 

n t ---  5 ×  1 0 1 6 m - 2 ( _ _ _ 5 0 ~ o  ) 

7 = 1 .0+0.2  
Pl± = 5 t i m  (__+40~o). 

The calculated values for nz and n t cor respond well to values found by other  
researchers for sputtered Z nO films 18.2 o.22. 

4.5. Fur ther  results 

Figure 9 shows a combined plot o f  p~± and Prl vs. temperature.  At  higher 
temperatures,  pip reaches the same order  o f  magni tude  as p~±. We can conclude that, 
at higher temperatures,  the barriers play a less impor tan t  role and the effective 
resistivity is determined by the bulk resistivity PlJI" 

The mobili ty #± o f  the free carriers inside the kernel can be determined f rom the 
measured value o f  pz± and the calculated value o f  nz. It follows f rom 
l /p1± = nzelq  ± that  #1± = (3+__l)x 10-6m 2 V - 1  s-~.  This is a lower 
value than reported by other  researchers for ("bulk")  polycrystalline ZnO (e.g. 

p =  l x l 0 - 4 m  2 V -1 s -~ (ref. 6)), but  in good  agreement with the values 
Hors thuis  22 found for sputtered films. 

10 ~ 

10 4 

10 3 

10 2 

10 

P 

[tim] 

T 

0 

Pt t  

El 

Pl r l  

0 ~ O ~  0 - 0 - 0 - 0  -~...~0 D 
P 1  u 

) T [K] 
.-.Ao ! 

300 350 
Fig. 9. Resistivity, perpendicular and parallel to the substrate, for a ZnO layer (wafer 77). 
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W . . . .  the maximum thickness of  the depletion layer, as calculated from 
eqn. (15), equals 0.08 ~tm ( +  509/0). The calculated width/2 of  the boundary regions 
(see Fig. 2) equals 0.15 Ixm ( _  30~o). We can conclude that l 2 has reached its 
maximum value 2 Wma x. 

4.6. Verifying assumptions 
The electrical parameters  of  the film being known, the basic assumptions can be 

verified. 
From t4 2 = #m*c/e, with c the velocity of  light in vacuum and p the mobility of  

the electrons, taking for p the derived value of/~l± = 3 x 1 0  - 6  m 2 V -  ' s -  1, we find 
that the mean free path 2 equals 2 nm. (Since p t II ~ P t ±, #t II will be of  the same order 
of  magnitude as #1±). The Debye length can be calculated using t4A5 
Lo = (ezkT/e2nz) t/2. We find LD = 5 nm. 

The grain size I equals 0.3 ~tm for ZnO grown on amorphous  substrates and a 
few hundredths of  a micron for ZnO grown on crystalline substrates 4. It can be 
concluded that both 2 and LD are small (two orders of  magnitude less) compared 
with the grain size, as assumed. 

The tunnel constant Eoo, as calculated from eqn. (2), equals 0.009 eV, being 
somewhat smaller than k T  (about 0.025 eV at room temperature). Nevertheless, the 
contribution of thermionic field emission is still negligible. We can conclude that 
thermionic emission is the dominant  conduction mechanism across the grain 
barriers, as assumed. 

The calculated value of 7 equals 1.0 ___ 0.2, which means that It ~ 12, implying 
that the grains are not completely depleted, and the kernels occupy some 25~o of the 
cross-sectional area of  a grain. 

We conclude that all assumptions are valid. 

5. CONCLUSIONS 

In this paper  we have proposed a conduction model for polycrystalline ZnO 
films based on models for polycrystalline semiconductors known from the 
literature 7 - t  0. The films consist of  columnar grains with a semiconducting kernel 
and a completely depleted boundary region, and hardly any grain boundaries 
parallel to the substrate. The conduction across a boundary is described in terms of 
a Schottky barrier with thermionic emission as the dominant  conduction 
mechanism. 

In order to verify this model, current-voltage, capacitance-voltage and Van 
der Pauw measurements were performed on ZnO films grown on chemically vapour  
deposited SiO2 and on aluminium. With the aid of  the model, in combination with 
grain size measurements 4, we found the following for the electrical parameters: 

free electron concentration 
density of  trapping states 
grain barrier height 
depletion ratio 
resistivity in the kernel 
electron mobility in the kernel 

n z = 5 x 1023m -3 (+__50~/o) 
n t = 5 x 1 0 1 6  m - 2  ( _  50Vo) 
q~b = 1 .2+0.2eV 

--- 1.0__+0.2 
Pl± = 5~m(__+40~o) 
/zl± = ( 3 + l ) x l 0 - 6 m Z V  - I s  -a 
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The  resist ivity para l le l  to the subs t ra te  appea r s  to be s t r o n g l y d e p e n d e n t  on the 
the rmal  h is tory  o f  the sample.  The  hea t ing  o f  the sample  causes a d s o r b e d  C O 2 -  at  
the g ra in  bounda r i e s  to neutral ize  and  desorb .  Thus  the densi ty  o f  t r app ing  states is 
d imin i shed  and  the bar r ie r  height,  as well as the resistivity,  decreases.  Af te r  cool ing  
down,  0 2 adsorbs  at  c a rbon  sites, res tor ing the or iginal  electr ical  proper t ies .  

W e  conc iude  that  the p r o p o s e d  mode l  gives a g o o d  descr ip t ion  o f  the electric 
behav iou r  o f  the polycrys ta l l ine  Z n O  films studied.  
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