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Work function determination of zinc oxide films

K. B. Sundaram® and Ashamin Khan®
Department of Electrical and Computer Engineering, University of Central Florida, Orlando,
Florida 32816-2450

(Received 28 May 1996; accepted 13 December 1996

Zinc oxide-silicon heterojunctions were fabricated using betAnd p-type silicon. The zinc oxide

films were deposited by the magnetron sputtering process at various substrate temperatures to form
these devices. The electrical properties of these devices were measured and the work function of the
zinc oxide was evaluated from these properties. 197 American Vacuum Society.
[S0734-210(197)03102-3

[. INTRODUCTION and then dipped in 1:1 $$0,:H,0, for 3 min. Subsequently
the wafers were etched with a buffered oxide e(BIOE)

ductor that has potential application as a material for opto—(lsNH“F:zHF) d||gted with water for 3 min to remove any
surface oxide. Finally the wafers were washed with de-

electronic devices. Thin films of zinc oxide have been widel
Y nized water and this was followed by blowing dry with

studied as a piezoelectric material for surface acoustic Wav@_t T ide | st lectrical tact
devices? Low-loss optical wave guides have been fapri-N1r09€N. 10 provide low resistance electrical contacts

cated using epitaxial ZnO filmSAn electro-optic modulator (ohmic contacts to p-type Si, a 300-nm-thick aluminum

was also reported using ZnO filfiginc oxide film has been layer was depasited onto the b_ack side of the wafe_r. For
icationd-type Si a phosphorus doped nickel layer was deposited by

due to its high optical transparency and electrically conduct:[he electroless plating meth8drhe samples were annealed

ing nature’™’ ZnO films have a high infrared reflectance and &t 450 °C for 30 min for alloying in an argon ambient in
high visible transmittance. Presently indium tin oxid€O) order .to get good ohmic contacts. Before d§p03|t|on of t.he
layers are used as energy efficient windows for solar cellgnokf.'lm’ thhe gronl;[ of(jthe ?T}mfle was etche_(lj_r:n a BOE while
and liquid crystal displays. The components of ITO, namely,mas Ing the back side with Apiezon wax. The wax was re-
In and Sn, are limited in supply and are more expensive tha oved_ with trichloroethylene and the wafers were cleaned
zinc. Further, for the fabrication of amorphous-silid@aSi) an; d(r)'ef(_jl' d ted i dio f

solar cells, ITO coated glass substrates are used.at8e nob hims were eposnes g a rla 1o _requeg(cp) mda}g—
films are deposited onto the ITO layer by the plasma ennétron spgttermg systertU un 1) using a >-cm-giam
hanced chemical vapor depositi@ECVD) process. During pressed zinc oxide targé99_999% purity, Angstrom SC".
this deposition, ITO films are exposed to hydrogen plasmfnce$ lThE s;mples vvkere [f:)lace(i |r12to the ds_yste(rj’n annfgzwnoh
that reduces the metal oxide optical transparency. In and metr? SS'aTEW mask to ot;m - dm m-diam 0;520 nTh
based conducting layers are not wise to use for low cost solg"to the Si. The target dto substrate |stagg?6vx_/ras : h(':lm. €
cells. ZnO films are more stable than ITO based films in the?YSt€M Was evacuated to a pressure x orr while
presence of K plasma. In addition, zinc is a cheap, abun- the substrate was heated. The base pressure in the system

dant, and nontoxic element. Although the optical and electri¥Vas adjusted with a throttle valve to maintain it abID

cal properties of zinc oxide have been studied extensivel Torr during deposition with an argon flow of 5 sccm. Before

there is no report of the work function of zinc oxide films. In initiating the deposition onto the substrates, the target was

the present work, ZnO-Si heterojunctions were fabricate(’i’.reueaned for 15 min. The ZnO f'lms were deposited oat
and their electrical properties were measured. The WorIEilfferent substrate temperatures ranging from 50 to 250 °C.

function of zinc oxide films was evaluated from these prop—The rf power used was 150 W and the films were deposited

for 30 min. Film thickness ranged from 250 to 300 nm.

Zinc oxide (ZnO) is ann-type wide band-gap semicon-

erties. o | :
The |-V characteristics of the fabricated diodes were
measured using a Hewlett Packard semiconductor parameter
Il. EXPERIMENT analyzer(model HP4145R All measurements were taken
Zinc Oxide/snicon heterojunctions were prepared usingunder dark ConditionS. BOth tHe—V Cha-racteristics and the
both n- and p-type wafers. All the samples wet@00) sili- 1091V were plotted using the semiconductor parameter

con single-crystal wafers polished on one side only. The reanalyzer.

sistivities of thep-type samples were 10 and 2Bcm where

as t_he re§|St|V|ty of the-type was 5 cm. The wafers were lIl. RESULTS AND DISCUSSION
cut into pieces 1.5 cm long by 1 cm wide. The wafers were

cleaned with boiling trichloroethane, acetone, and methanol The deposited zinc oxide films showed typical resistivity
of nearly 102 Q cm. Both the ZnQi-Si and the ZnQ3-Si

dElectronic mail: kbs@ece.engr.ucf.edu junc_ti.ons _showe.d.good reptifying characteristics. In the ZnO/
PPresent address: Sawtek Inc., Orlando, FL 32860-9501. n-Si junction, Si is negative for forward current, while the

428 J. Vac. Sci. Technol. A 15(2), Mar/Apr 1997 0734-2101/97/15(2)/428/3/$10.00 ©1997 American Vacuum Society 428
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Fic. 1. Semi-log plot ofl o/ T? vs 10T for ZnOh-Si heterojunctions. FiG. 2. Semi-log plot oflo/T2 vs 1G/T for ZnOJp-Si heterojunctions.

ZnO/p-Si junction requires positive voltage on the Si for the Prior to ZnO deposition, the Si surface was chemically
forward bias condition. The forward biasing conditions arecleaned and this process invariably leaves a thin2 nm

very similar to metali-Si and metald-Si Schottky barrier insulating oxide layer on the semiconductor surface. Because
contacts. The room temperature reverse saturation currenf the presence of an insulating layer between Si and ZnO,
(1) of the diodes was obtained by extrapolating the reversaccording to the Bardeen model the barrier heighgs and
current region of the log—V plots. Because of the high ¢g, are modified approximately and are giver? by
conductivity of the ZnO films, it is assumed that the Fermi _ _ _ _

level coincides with the conduction band edge in the ZnO. Pon=C(Pn=Xs) (1= C)(Eg~ o), @
Under this assumption, the electron affinity and the workwhere
function of ZnO are nearly equal. The transition region is €
predominantly on the Si side for the junction. The disconti- C= —'2

nuity in the conduction band edgdE,, is equal to the €i+q°0Ds

difference in the electron affinities between ZnO and Si. Inwhere & the thickness of the oxide layer, ardl its total

this context, the predominant current mechanism is assumegermittivity. The surface states are assumed to be distributed
to be Schottky emission of carriers over the potential barriein energy within the band gap, with density of stafegcn?.

for both n- and p-type heterojunctions. The reverse satura-The position of neutral levep, is measured from the top of

tion current density is of the forfn the valence band. A similar analysis for the case pftgpe
Jo=1o/A=A*T2 exp( — dg/KT), (1) semiconductor shows théeis, is approximately given by
¢Bp:C(Eg_®m+XSi)+(1_C)¢O- (3

wherel represents the reverse saturation currénts the
junction area,A* is the Richardson constantys is the  For a given interfacial layer thickneségg,+ ¢gp)~E,,
Schottky barrier heighk is the Boltzman constant, afidis  owing to the similarity of the surface statespnandn-type
temperature in kelvin. Semi-log plots bf/ T? vs 1/T were  Si.

plotted for devices withn- and p-type substratesgg was Using the data from the previous work by Turner and
found from the slope of the line. Figure 1 shows the plot forRhoderick for their metal-Si Schottky barriers with
ZnOM-Si heterojunctions from whiclpg, was found to be qD,=2x10'%cn? for n-Si, 5=1.5 nm, andg =3.9, ¢y=0.27
0.45 eV. Figure 2 shows similar plots for Zi@&i junctions eV, and assuming the work function of ZnO to be around 4.5
with Si resistivities of 10 and 28) cm, respectively. Here, eV as calculated above in our experimegg,, was calcu-

¢gp values were found to be 0.72 and 0.69 eV, respectivelylated using Eq(2) and was found to be 0.49 eV. The range
for the above samples of Fig. 2. Based on the simpleof § taken corresponds to the range over which the model
Schottky—Mott model, the work functio®,, of ZnO was can be reasonably expected to hold, i.e., tunneling can take
calculated using the relation df,,= Xg+ ¢g,,, for the junc-  place through the interfacial layer, the parasitic resistance of
tion with n-Si and ®,,=Ey+ Xsi— ¢, for p-Si, whereXg;  which can be taken as zero. Similarly, using the data from
andE, are the electron affinity and band gap of silicon hav-previous work by Smith and Rhoderfék with

ing values of 4.05 and 1.12 eV, respectivélfhe work  qDy=3x10"cn? for p-Si, and¢,=0.33 eV, ¢, was cal-
function values for ZnO ranged from 4.45 to 4.5 for the culated using Eq(3) and was found to have a value of 0.61
fabricated devices. This work function value is close to theeV. Therefore, assuming the presence of an insulating layer
value reported for the defect free Zr@010) single crystals between ZnO and Sipg, increased andg,, decreased com-

by Gapel et al,'° Further, ¢g,,+ ¢gp gives a value of 1.155 pared with the conventional Schottky—Mott model approach.
eV that is very close to the band gap of Si. Deposition of ZnO at higher temperatures will cause growth

JVST A - Vacuum, Surfaces, and Films
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0.8 ZnO. This work function reduction will decreasss,, and
— oo increasegg, based on the above equations. The same trend
Zn0/p-Si is seen in Fig. 3. A similar reduction in work function was
_ 06 observed by Gpel et al. when the ZnO single crystal had
3 more defectg?
> 04F Zn0/n-Si
T IV. CONCLUSIONS
E 02+ The work function of sputter deposited ZnO films was
@ obtained from the electrical properties of ZpcBi and ZnO/
. n-Si junctions. The estimated values of the work function
1 1 1 1 | .
0 50 100 150 200 950 based on the Schottky barrier model showed values between

4.45 and 4.50 eV for the films. These values were also inter-
preted by assuming the presence of a very thin,%@er at

the interface of ZnO and Si.
Fic. 3. Barrier height as a function of substrate deposition temperature.

Substrate temperature (°C)

1F. S. Hickernell, IEEE Trans. Sonics Ultras@®, 621 (1986).
of the oxide and a subsequent reduction in the density ofzs- Maniv and A. Zangvil, J. Appl. Phy§2, 2787(1978.
states. Based on Eq®) and(3), this reduction in the density 2"48\év(“1’9§'7)A2“ma’ T. Shiosaki, and A. Kawabata, J. Appl. Phgs,
of states will cause a decreasedg,, for then-Si device and 4 Persegol, E. Pic, and J. Plantier, J. Appl. P16%.2563(1987.
an increase inpg, for p-Si. A similar trend was observed 5N. G. Dhere, Thin Solid Film293-194, 757 (1990.
with only small changes in the barrier heights for both ZnO/ °3. Aranovich, A. Ortiz, and R. H. Bube, J. Vac. Sci. Techrid, 994
n.'S' and ZnOp-Si junctions prepare_d by dePQS'“F‘g ZnoO at 75#?—17[?&(1 R. G. Gordon, J. Electrochem. Stg9, 2014(1992.
higher substrate temperatures and is shown in Fig. 3. Again,sy, v syiiivan and J. H. Eigler, J. Electrochem. SA4 226 (1957).
$gnt ¢pp COrresponds approximately ®; of Si. Deposi- 9S. M. Sze Physics of Semiconductor Devic@sd ed.(Wiley, New York,
tion at higher temperature will increase oxygen diffusion to- 1981, pp. 256 and 270.

P . . - - 1 C 1 1
wards the Si interface and this will make ZnO less stoichio- - Gopel. L. J. Brillson, and C. . Brucker, J. Vac. Sci. Techriol, 894

metric que to a greater oxygen deficiency. More OXygeniiy j Turner and E. H. Rhoderick, Solid-State Electrbf. 291 (1968.
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