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Abstract We investigated the electrical effects of poly-

vinylpyrrolidone (PVP), used as a dispersion agent in zinc

oxide (ZnO) nanodispersions. We found PVP reduces the

high surface conductivity and atmospheric sensitivity.

Compared with polymer free ZnO thin films, the nanop-

articulate layers with PVP exhibit a smaller density of

thermally active charge carriers, a reduced density of trap

states, and a Fermi level shift toward the valence band,

yielding improved performance, vanishing hysteresis

characteristics and reduced atmospheric sensitivity in thin

film transistors (TFT). In addition, we discuss the attach-

ment of PVP to the ZnO surface.

Introduction

Electronic functionality already enables many applications in

modern consumer products like radio frequency identifica-

tion tags, authentication certificates, or environmental con-

ditions tracking. However, using the benefits of printable

electronics, actual functionality as well as completely new

application areas can be accessed at expected lower costs and

improved eco friendliness. As a printable n-type semicon-

ductor, particularly zinc oxide (ZnO) and related compounds

such as indium gallium zinc oxide (IGZO) are widely

investigated due to several advantages. ZnO is abundantly

available, environmentally harmless and nontoxic. It is a

transparent intrinsic n-type semiconductor with high electron

mobilities [1]. Additionally, many methods of chemical

synthesis are available to obtain a large variety of nano crystal

morphologies and amorphous films, like zinc acetate pre-

cursor solutions [2, 3] or ammonia-based precursors [4, 5].

Besides easy processability of the ZnO semiconductor

and its high electron mobility, the manipulation of the

electronic states in ZnO is an important task, necessary to

realize rectifying contacts and homojunctions but also to

improve its aging properties. Aside from doping experiments

(comprehensive review by Janotti and Van de Walle [6]),

most frequently, the density of intrinsic donor states in ZnO

has been controlled via the processing parameters like tem-

perature and environmental atmosphere [7, 8]. However,

many studies, especially on crystalline ZnO, show little

durability of the ZnO properties adjusted by the processing

parameters only. The crucial point in sustainable electronic

properties is the control over the ZnO surface properties. The

ZnO surface usually is in contact with the gate dielectric

layer or exposed to atmosphere. In both cases, typical

atmospheric adsorbates like hydroxide or oxygen ions would

alter the electronic properties of the thin film or the interface

[9, 10]. In addition, the surface stoichiometry of ZnO

nanostructures is suspected to change with oxygen partial

pressure, and atmospheric trace gases like hydrogen even

may alter the electronic states in the ZnO bulk [11].

Compared to the ZnO precursor solution process which

allows for the production of amorphous or crystalline thin

films, a nanoparticulate ZnO thin film, e.g., processed from

a dispersion, yields a much bigger intrinsic surface and

therewith enables the control of the macroscopic electronic

properties of the film by surface adsorbates at the ZnO

nanoparticles. In this work, we use polyvinylpyrrolidone
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(PVP) polymer adsorbates in nanoparticulate ZnO

(np-ZnO) thin films to yield pronounced surface effects and

also demonstrate a way to build semiconducting thin films

from nanoparticle dispersions. In contrast to other

approaches, where dispersion additives have been used to

improve the dispersibility solely, followed by high tem-

perature annealing (300–500 �C) to remove the additive in

the thin film [12], we use the dispersion additive in the film

to manipulate the electric states of the np-ZnO. In addition,

the use of dispersion additives which remain in the

nanoparticulate thin film is a viable route in order to obtain

low temperature processed smooth interfaces and dense

layers with improved mechanical properties, e.g., as was

shown for tin-doped indium oxide (ITO) nanodispersions

and its corresponding nanoparticulate thin films [13].

Experimental

For the nanoparticulate ZnO thin films, dispersions from

anhydrous 2-methoxyethanol (2-MeEtOH) and 10 wt% of

ZnO nanoparticles AdNano VP20 (ca. 25 nm, log normal

15–50 nm [14]), Evonik Industries, were prepared. To

break the agglomerates in the ZnO nanoparticle powder,

1 mL of the solvent particle suspension was treated at

200 W for 10 min in an air-cooled ultrasonic bar sono-

trode, VialTweeter Hielscher Ultraschall. PVP at different

molar weight, 8,000 (k17) and 58,000 (k30), Sigmar

Aldrich, was added to the suspension prior to the dispersion

process. Thin film preparation was done via spin coating at

3,000 rpm and subsequent annealing in ambient atmo-

sphere at 150 �C. Aluminum electrode deposition was

carried out by physical vapor deposition through a shadow

mask at 1 9 10-6 mbar.

For thin film transistor (TFT) characterization and

IV-measurements, n-doped silicon (Si:P 3 9 1017 cm-3)

with 200 nm of thermally grown silicon dioxide (SiO2) as

gate dielectric, Fraunhofer IPMS Dresden, and microscope

slide glass cover slips in UV-quality were used, respectively.

The electrode width and channel length was W = 0.74 cm

and L = 100 lm.

Electrical measurements were carried out in a nitrogen-

filled glove box under exclusion of ambient light and using

a parameter analyzer, Keithley 4200 SCS, in combination

with a probe station. For each displayed transistor param-

eter a TFT was build and the output- and transfer charac-

teristics were measured in forward and backward sweep

with an incremental bias delay of 100 ms/V. For scanning

electron microscope (SEM) analysis a Jeol JSM 7500F

and for photoluminescence (PL) measurements a Horiba

FluoroLog3 spectrofluorometer was used. The excitation

wavelength was 320 nm and the slit width was 5 nm.

Results

Film morphology

For field effect devices like thin film transistors the

roughness at the interface between the semiconductor and

the gate dielectric should be small in order to get a high

planar conductivity by accumulated charges due to a gate

field [15]. Therefore, before we will discuss the electrical

effects of PVP at the ZnO nanoparticle surface, some

effects of the layer morphology will be demonstrated. PVP

used in the dispersion, stabilizes the ZnO nanoparticles in

the 2-MeEtOH solvent which is a solvent for PVP itself.

Thus, the PVP prevents the re-agglomeration after the

dispersion process conducted by a high energy ultrasound

treatment as described in ‘‘Experimental’’ section. The

reduction in ZnO agglomerate size in the dispersion by the

use of organic surfactants has been shown by dynamic light

scattering experiments in a previous work [16] and is also

known from sol–gel synthesis of np-ZnO [17]. The same

effect can be seen in the thin film morphology of the spin

coated ZnO nanodispersions in Fig. 1. The SEM picture of

a cross section of the ZnO film prepared from the

2-MeEtOH:ZnO dispersion without PVP and with 10 wt%

of PVP on a Si:P-SiO2 wafer is shown in Fig. 1a and b,

respectively. Without PVP, the film exhibits a pronounced

porosity and interface roughness compared to the film with

PVP. Also, the film thickness in the sample without poly-

mer additive is about 600 nm, whereas the film thickness of

the sample with PVP is less than 200 nm (c.f. Fig. 1a, b).

Fig. 1 Scanning electron micrograph of a nanoparticulate ZnO thin

film. a Without PVP, b with 10 wt% of PVP k30 in the dispersion
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In general, it can be stated that the film thickness scales

with the size of the agglomerates in the nanodispersion,

making the use of dispersion additives crucial for the thin

film morphology.

TFT performance

Figure 2a and b shows the TFT output- and transfer char-

acteristic of np-ZnO films, demonstrating hysteresis free

n-type field effect transistor behavior. Important TFT

device parameters like the saturation mobility lsat and the

threshold voltage Vth, which reflect the transistor perfor-

mance, e.g., in terms of the switching speed and the volt-

age, necessary to follow the device characteristic after the

Shockley model [18], are defined by measuring the output-

and transfer characteristics. In Fig. 3, four characteristic

TFT parameters are shown for np-ZnO thin films with

different PVP fractions. The calculation of the saturation

mobility after the characteristic in Fig. 2b follows Eq. 1.

lsat ¼
d
ffiffiffiffiffi

ID

p

dVG

� �2

� 2L

WCi
ð1Þ

ID and VG are the drain–source current and the gate voltage,

respectively, and L and W the electrodes geometry. The

sheet capacitance Ci corresponds to the thickness and

permittivity of the gate dielectric, which in our case is

17.26 nF/cm2. In Fig. 3a, lsat for air and nitrogen atmo-

sphere is plotted against the PVP content with respect to

the net weight of np-ZnO. For increasing PVP content lsat

increases up to a local maximum at about 3 wt% and

decreases from there on. By adding PVP into the nanodi-

spersion, the film has a smaller porosity and increasing

interface smoothness (c.f. Fig. 1) which enables improved

charge transfer in the accumulation layer of the TFT.

However, if the PVP content exceeds a certain threshold,

the nanoparticles in the thin film become isolated from

each other, as PVP is an electric insulator and hinders

direct particle–particle contacts. Consequently, a decrease

in lsat for higher PVP fractions can be observed.

Looking at the threshold voltage in Fig. 3b, a transition

of Vth from the negative to the positive regime with

increasing PVP content can be observed. For Ohmic source

and drain contacts, which can be assumed for aluminum on

ZnO, Vth is manly dependent on the density of thermally

active charge carriers and trap states in the semiconductor

[19]. In the case of np-ZnO, electrons are the majority

carriers. The mobility of holes and therewith the contri-

bution of the minority carriers, can be neglected. Hence, in

TFT operation, negative charge carriers will be accumu-

lated at a positive gate field, causing the channel conduc-

tivity to increase. In the case of a negative Vth the channel

is conductive at VG = 0 V already and a negative gate

voltage is required in order to deplete the transistor chan-

nel. From Fig. 3b and c it can be seen that the intrinsic

conductivity of the np-ZnO layer declines with increasing

PVP content. Notably, for N2 atmosphere and no or small

fractions of PVP, the layer conductivity is exceedingly high

compared to its conductivity in ambient air. Also, the

mobility of the layers in air and less than 2 wt% PVP

approaches zero (c.f. Fig. 3a), indicating a very poor con-

ductivity of those np-ZnO layers in ambient atmosphere

which is likewise reflected in the low maximum drain

current displayed in Fig. 3c.

An explanation for the discrepancy in the characteristics

in Fig. 3 at low PVP fractions and different atmospheres,

can be found in the hysteresis of the transfer characteristic.

Extracting the Vth from the forward and backward sweep of

the transfer IV-curves and taking the difference of the two

values, yields the threshold voltage shift, which is plotted

in Fig. 3d. If the PVP fraction approaches 8 wt%, the

Vth-shift becomes zero and the transistor characteristics

free of hysteresis, as shown in Fig. 2. The occurrence of

(a) (b)

Fig. 2 TFT output (a) and transfer (b) characteristic of the np-ZnO

TFT with 10 wt% PVP, annealed at 100 �C

(a) (b)

(c) (d)

Fig. 3 From transistor characteristics derived parameters for np-ZnO

TFTs produced with different PVP k30 content and measured in

ambient atmosphere (black squares) and in nitrogen atmosphere (red
circles). a Saturation mobility, b threshold voltage, c maximum drain

current at VD = VG = 100 V, and d threshold voltage shift of the IV-

hysteresis
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hysteresis in np-ZnO TFTs has been discussed in a previ-

ous publication [20] and was found to originate from slow

trap and release mechanisms induced by atmospheric or

polymer adsorbates at the ZnO surface. Obviously, the only

polymer adsorbate present in the thin film is PVP, which

does not contribute to the hysteresis as the Vth-shift

becomes smaller for increasing PVP fractions. This

behavior is completely different from what has previously

been discussed for polymer adsorbates like poly(methyl

vinyl ether-alt-maleic anhydride) derivatives [20]. If PVP

does not contribute to the hysteresis, its cause can be found

in the atmospheric adsorbates like OH- and O�2 , which are

known to contribute to a variety of deep and shallow

acceptor like trap states [21, 22]. What can be seen in all

charts in Fig. 3 is the convergence of the air and N2

characteristics for increasing PVP fraction, indicating that

the films with more PVP content are less sensitive to the

surrounding atmosphere, with respect to the derived

parameters lsat, Vth, ID,max, and Vth-shift. Obviously, the

application of PVP in the thin film not only improves the

layer morphology but also reduces the atmospheric sensi-

tivity and the hysteresis behavior, which are basic

requirements for printable semiconductors.

Impact on the electronic states

To investigate the electronic effects of PVP at the ZnO

surface, we will discuss the difference between atmo-

spheric and PVP adsorbates in terms of the density of trap

states (trap-DOS). Therefore, we will demonstrate Fermi

level pinning, space charge-limited current (SCLC), and

photoluminescence (PV) measurements.

The Fermi level

Diode IV-characteristics are recorded from Al (cathode) and

Au (anode) electrodes on ZnO layers deposited on glass

substrates, as shown in the microscope image in Fig. 4a.

The diode characteristics exhibit strong Fermi level pinning

and superposition with SCLC behavior at higher voltages.

To calculate the injection barrier height from the diode

reverse direction (see Fig. 4b), we will apply the mean-field

approach to model the IV-characteristic as proposed by

Neumann et al. [23]. This model is a good approximation

for the measured IV-characteristics because it reflects the

linear behavior at low voltages by diffusive charge-carrier

transport and considers the space charges at the metal

semiconductor interface by including the injection of

charges in a limited density of states, which disturb the

build up of a distinguishable thermionic emission charac-

teristic. The applicability of the mean-field approach in

comparison with a single particle model like the thermionic

emission is shown by Genenko et al. [24].

J ¼ �el
V þ VBi

Leff

N exp � D
kT
þ eeslTFV

eckTL

� �

� exp
�eV

kT

� �

� 1

� �

= exp � eLðV þ VBiÞ
kTLeff

� �

� 1

� �

with Leff ¼ Lþ es l�TF þ lþTF

� �

’ Lþ es2lTF

ð2Þ

In Eq. 2, J is the current density through the diode and V

the applied bias voltage. N & 1019 cm-3 (estim. N &
NC, vide infra Eq. 5), e, k, and T = 300 K are the effective

total density of states, the elementary charge, the Boltz-

mann constant, and the ambient temperature. D;VBi; and

l & 10-2 cm2/Vs denote the injection barrier height at

zero field, the build in voltage and the charge-carrier

mobility (see estim. lower limit in ‘‘Impact on the elec-

tronic states’’ section, p. 6) and es ¼ 8 [25] and ec � 30 are

the relative permittivity of the semiconductor and the

injecting contact, which is the part of the electrode on

the nanoparticulate layer not credited to the channel

length. Leff is the effective channel length, which is the

channel length L extended by the Thomas–Fermi length l�TF

and lþTF for the cathode and anode, describing the space

charge effects in the metal contacts. Even though, the

Fig. 4 a Microscope image of the np-ZnO thin film with Au and Al

line electrodes, b IV-characteristic of the np-ZnO Diode with 10 wt%

PVP, c injection barrier height of Au|np-ZnO with different adsor-

bates, calculated for zero field, d trap-DOS calculated from SCLC

characteristics with EC the lower edge of the conduction band and

EF,PVP, EF,air the positions of the pinned Fermi energies, e PL spectra

of np-ZnO in air with 0 and 8 wt% PVP, f IV-characteristic of the

SCLC
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Thomas–Fermi length in metals is typically assumed to be

of a view Ångström, for the rough contact lTF = 10 nm has

shown to be a practical value.

The values for D obtained by the fit with Eq. 2 (c.f.

Fig. 4b) are displayed in Fig. 4c. Taking the work func-

tion of gold to be 5.1 eV [26] and the ZnO electron

affinity to be 4.29 eV [27, 28], D is expected to be around

810 meV for the not compensated semiconductor. Look-

ing at the calculated barriers in Fig. 4c, D is closest to the

expected range for ZnO with PVP, namely D ¼ 620 meV.

In the case of atmospheric adsorbates (480 meV) or in

nitrogen atmosphere (270 meV), the barrier height is

much more smaller, indicating the Fermi level to be

pinned near the conduction band due to donor compen-

sating states. In the case of Fermi level pinning, one

considers a compensated semiconductor surface in contact

to the metal electrode. However, in a surface governed

system like the nanoparticulate layer, we will consider the

nanoparticulate bulk as determined by the locally aver-

aged density of donor and acceptor states, given that all

performed measurements only target the macroscopic

properties of the thin film.

Trap distribution

In the surface-governed np-ZnO thin film, the donor

compensation is not likely to be caused by a few specific

energy levels but as a result of energetically distributed

states within the whole band gap, e.g., an exponential

distribution of acceptor states represented with Eq. 3. Here,

Nt and EC&4.29 eV (vide supra) are the total density of

uncompensated trap states and the energy of the lower edge

of the conduction band, respectively.

~NtðEÞ ¼
Nt

lkT
exp

E � EC

lkT

� �

ð3Þ

J ¼ C � Vlþ1 ð4Þ

To probe the assumption of an energetically distributed

trap-DOS, we will have a look at the SCLC characteristic,

which can be seen in Fig. 4f as a result of pure Ohmic

Al electrodes (c.f. a previous publication on SCLC in

np-ZnO [20]). Applying a fit with Eq. 4 to the nonlinear

IV-behavior at higher voltages, yields the parameters C and

l, which can be used to derive the distribution in Eq. 3.

After the findings from Zmeskal and Nespurek et al. [29,

30], Eq. 3 can be found for a thin film with two line top

electrodes using Eq. 5. Notably, the here used electrodes

geometry results in a slightly different equation than

commonly used for coplanar (sandwiched) electrodes, e.g.,

as used by Lampert and Mark [31].

Nt ¼ esðlNCÞ1=l � A

C

� �1=l

,

C ¼ NCl
es

Nt

� �l

�A with

A ¼ e1�l 2l

lþ 2

� �2lþ1
1

dL2l
arctan

2d

L

� �

ð5Þ

Here, NC = 1019 cm-3 [32, 33] denotes the effective

density of states in the conduction band. The specific

charge carrier mobility l is a unknown parameter but its

lower limit can be estimated from the maximum conduc-

tivity r & 0.02 S/cm and the assumption to have approx-

imately 1019 cm-3 mobile charge carriers, which is an

estimate for the uncompensated ZnO surface [34]. The

estimation of the lower limit gives l & 10-2 cm2/Vs.

Using higher values for l than the lower limit, yields

higher trap densities if l [ 1.

With the findings from the fit and Eq. 5, the trap-DOS

for np-ZnO films with atmospheric and PVP adsorbates can

be plotted, as shown in Fig. 4d. The trap-DOS shows, that

there are less traps present for PVP. To get an idea of the

relation between the SCLC model and the electrical mea-

surement, the position of the Fermi energy, according to

the barriers in Fig. 4c, is marked in Fig. 4d. The approxi-

mation of the trap-DOS after Eqs. 4, 3, and 5 is done in the

proximity of the Fermi energy, in a span only a few

10 meV above EF, which then is the confidence region of

the trap-DOS in Fig. 4d.

Interestingly, even if the np-ZnO thin film with PVP is

transferred to atmosphere, the lower density of trap states,

compared to np-ZnO without PVP, seem to persist.

Looking at the photoluminescence spectra for both layers

in Fig. 4e, an increase of the exciton emission peak at

377 nm [17, 35] at the cost of the defect emission around

500 nm can be observed for the PVP containing np-ZnO

thin film. As the green defect emission inter alia can be

attributed to surface anion vacancies [36], a reduction in

such vacancies would reduce the high surface conductivity

of ZnO and therewith enable the application of the func-

tionalized np-ZnO films as a nondegenerate semiconductor

in enhancement mode TFTs. Otherwise, the reduction in

conductivity due to atmospheric adsorbates is not caused

by the reduction of the high density of surfacial donor

states, but seems to originate from opposing the high donor

density with a high density of compensating states, as seen

in the higher trap-DOS for air in Fig. 4d. In the case of

PVP adsorbates, the occurrence of less compensating and

less donor states explains, why the Fermi level is much

closer to the theoretical prediction of an ideal Schottky

contact between Au an ZnO. Additionally, the electrical

thin film characteristics shown in Fig. 3 implicate a
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reduced atmospheric decline of the conductivity if PVP

was used in the layer. This raises the question, whether

PVP does hinder atmospheric adsorbates at the np-ZnO

surface, or whether it acts as a getter for those. However,

we cannot resolve this question with the in this work per-

formed measurements and leave it for further research.

Discussion

Why ZnO benefits from PVP?

Where PVP adsorbs to np-ZnO?

After the presentation, how ZnO devices could be

improved by the use of PVP, more insight into the

electrical and chemical effects of PVP adsorbates at the

np-ZnO surface will be given. Like most metal oxide

semiconductors ZnO exhibits n-type conduction. Due to a

variety of native point defects (e.g., vacancies, interstitials,

and antisites) and impurities of atmospheric species (e.g.,

hydrogen), bare ZnO always possesses a high density of

thermal charge carriers [6]. For ZnO single crystals grown

by the pressurized-melt (PM) or seeded chemical vapor

transport (SCVT) technique, the carrier concentration at

room temperature is about 1017 cm-3 [34]. However, at the

ZnO crystalline surface and the zinc terminated surface

(0001) perpendicular to the c-axis in particular, the con-

centration of donor like defects has been reported to be in

the range of 1018 to 1019 cm-3 [37], whereas the charge-

carrier concentration in the first few nanometers has been

reported to be higher than 1019 cm-3 [34]. Hence, the

conductivity of ZnO is strongly affected by the surface.

Especially for ZnO films with a high intrinsic surface, like

films of ZnO nanostructures (nanorods, -belts, -flakes,

-particles) and highly porous films, the surface conductivity

is able to determine the ZnO bulk properties. As atmo-

spheric adsorbates are able to decrease or increase the

surface conductivity, ZnO with high intrinsic surface is

used in gas sensing devices [10, 38] (NO2 [39], NH3 [40],

NH4 and CO [41], H2 [42], H2O [9], O3 [43], H2S [44], and

C2H5OH [45]).

Albeit the use of ZnO in gas sensors, the atmospheric

sensitivity of the ZnO surface corrupts the electrical stability

of other devices like TFTs in terms of low conductivity or

large hysteresis behavior [20]. Even in the absence of

atmospheric adsorbates, the high density of thermally active

charge carriers would not allow np-ZnO films to be used,

e.g., in naturally off TFTs (enhancement mode TFTs) or

piezo-electric devices [46]. PVP adsorbed at the ZnO surface

seems to be a viable route to prevent atmospheric adsorbates

and simultaneously decrease the high surface conductivity.

Unfortunately, due to the insulating properties of PVP in

nanoparticulate films, the TFT performance decreases if too

much PVP is located between the ZnO particles. But why

does it work in the first place? The reason can be found in the

special adsorption property of PVP at the different facets of

the ZnO crystal. Zhang et al. studied the directed ZnO crystal

growth in the presence of PVP k30 [47]. They found pro-

nounced crystal growth of the nonpolar ð0110Þ side facets, in

direction of the crystal a-axis, little growth of the oxygen rich

ð0001Þ facet, but almost no growth of the zinc rich (0001)

surface, in direction of the c-axis. From the growth experi-

ments, it can be concluded that the PVP primarily adsorbs on

the (0001) surface which most likely gives the biggest con-

tribution to the surface conductivity. However, the assign-

ability of the studies on crystalline ZnO might not be 100 %

valid for np-ZnO with less distinct faceting. Owing to the

selective adsorption of PVP, the benefits of PVP in the

np-ZnO layer take place while still uncapped ZnO nano-

particle surfaces are available to form perculation pathways

through the nanoparticulate thin film.

How PVP adsorbes to np-ZnO?

In literature, only assumptions of the PVP interaction with

the ZnO surface can be found. E.g., Guo et al. [17] pro-

posed the free Zn valences to interact with the PVP car-

bonyl group, whereas Jetson et al. do not exclude a

possible interaction with the nitrogen in PVP [35]. How-

ever, using Fourier transform infrared spectroscopy

(FTIR), we have not been able to detect any significant

signal from a possible binding group. The fraction of the

binding group seems to be too small compared to the

unbound monomer blocks of the PVP molecule.

In Fig. 5 lsat, the on/off ratio, Vth, and the Vth-shift are

plotted against the weight fraction of PVP in the np-ZnO

thin film transistor for two different molecule sizes of PVP,

k17 and k30, respectively. In all parameters, a similar

devolution for PVP k17 and k30, shifted by about 6 wt%,

can be seen. Plotting the same TFT parameters against the

number of PVP molecules (mol) per mass of np-ZnO (kg)

in Fig. 6, a convergence of the features in the character-

istics can be seen. Considering the broad distribution of the

PVP molecule lengths in the two PVP batches k17 and k30,

one expects only a small significance of the presented data.

Nonetheless, a valid interpretation would be, that there is

only a certain amount of binding places per PVP molecule.

As the end groups of the PVP molecule exhibit the highest

local dipole, it can be assumed, that the main effects of

PVP interaction with the zinc rich (0001) surface of ZnO

originate from the molecule ends. The (0001) surface in its

unsaturated state, has a positive net charge caused by the

zinc cations Zn?. The N-propyl-pyrrolidone of the PVP

end-monomer, exhibits a dipole with its negative net

J Mater Sci (2011) 46:7776–7783 7781
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charge at the carbonyl group, most likely yielding the

oxygen (d-) attaching to the Zn? site of the ZnO (0001)

facet. However, in the PVP backbone the carbonyl groups

are unlike harder to access and the interaction with the ZnO

can be assumed to be sterically hindered, at least in the

straight parts of the not bended polymer. Bringing to mind

the highly speculative nature of this conclusion, additional

experiments have been realized and will be published in

another paper. In this experiments, we used n-type organic

molecules bearing N-propyl-pyrrolidone linker groups. The

found adsorption and electrical properties of such mole-

cules at the ZnO surface, draw a consistent picture of the

properties of the PVP end-group.

Conclusion

It has been shown that the application of PVP as a dis-

persing agent in ZnO nanodispersions is crucial for small

agglomerates and dense and thin nanoparticulate layers

with a smooth interface to the substrate or gate dielectric.

As we did not try to remove the PVP from the thin film, we

found positive electric effects of the PVP adsorbed to the

ZnO particle surface. Without PVP, the np-ZnO films

exhibit a pronounced atmospheric sensitivity and disrup-

tive conductivity, originating from the highly conductive

ZnO surface in the surface-governed nanoparticulate lay-

ers, and from the zinc rich (0001) facet in particular. From

TFT, diode, SCLC, and PL measurements, we deduced the

electrical effects of PVP to be caused by the selective

adsorption of PVP to the zinc rich np-ZnO surface. After

PVP adsorption we detected a lower density of thermally

active charge carriers, accompanied by a lower density of

trap states in the band gap in proximity of the Fermi level,

yielding vanishing hysteresis in TFT characteristics. In

contrast to the effects of PVP adsorbates, we found atmo-

spheric adsorbates to be responsible for a high density of

donor compensating states impinging upon TFT perfor-

mance and reliability. However, the electrical impact of

atmosphere on the TFT performance is significantly

reduced if PVP is adsorbed to the ZnO surface. Addition-

ally, we analyzed the influence of the PVP molecule length

on the TFT device characteristics and found the TFT

parameters to be almost independent of the molecule

length, suggesting a pronounced influence of the polar PVP

ends.

Looking at the insulating properties of PVP between the

nanoparticles in a nanoparticulate layer, the main findings

in this paper will be useful to improve surface treatments

on amorphous or crystalline ZnO thin films. If the PVP

end-monomer is mainly responsible for the positive electric

effects like surfacial defect state reduction and atmospheric

insensitiveness, a single pyrrolidone group could be useful

as a linking agent in metal oxide–organic heterojunctions

and self assembled monomers (SAM) to complement the

conventionally [48] used carbon- and phosphonic acid

linkers or to improve the charge transport in ZnO-dielectric

interfaces, expedient for TFTs.
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