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ABSTRACT

Thinfilms of undoped and Ga-doped ZnO with different doping concentra-
tions (0, 3, 5, 7 wt.%) were deposited on (100) silicon substrates by RF
magnetron sputtering using a powder target. The results show that the
devices have good rectifying behaviors with an ideality factor values in
therange of 1.16-1.81 and abarrier height valuesin the range of 0.60-0.64
eV based on the |-V characteristics. Also, Cheung’s functions were used
to estimate the seriesresistance of the diode. From the C-V characteristics,
it is shown that the capacitance increases with decreasing frequencies. C-
V measurements give higher barrier than those obtained from -7 measure-
ments. The results demonstrate that the structural and electrical properties
of ZnO/p-Si heterojunction diodes are controlled by the Ga dopant con-
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INTRODUCTION

Asapotentia trangparent conductive oxide (TCO)
substituting the most commonly used but expensive
materias such asITO and SnO,, ZnO has attracted
great atentioninthelast decades. Indeed, ZnO offers
interesting properties such as stability in hydrogen
plasmacommonly usedin thefabrication of amorphous
slicon solar cells, non-toxicity and good adherenceto
many substrates?. Group I1l elementssuch B, In, Al
and Gaareusualy used to improvethe conductivity of
ZnO. Duetoitssimilar ionic radiusand the covalent
bond length, Gadoping bringsabout only asmdl lattice
deformation even for ahigh Gaconcentration. Fur-
thermore, Gaislessreactiveand moreresstiveto oxi-
dation than Al during the deposition’®, so Gadoped

ZnO isgetting more and more attention recently. Vari-
ous ZnO-based heterojunction devices have been fab-
ricated using different p-type substrate materialssuch
as GaN™, PFO polymer™ and 4H-SiC!®. Silicon al-
ready hasacentral positioninthemicroelectronicsin-
dustry, with severd advantagessuch ashighqudity, large
areap-type substratesavailable at low cost.

Inthis paper, Ga-doped ZnO thin filmswere pre-
pared on Si substrate by radio-frequency magnetron
sputtering techniquewith different Gacontentsand the
N-p heterojunction properties by means of the current—
voltage (I-V) and capacitance-voltage (C-V) measure-
mentswerestudied.

EXPERIMENTAL

Zn0O and ZnO: Ga films were deposited on silicon
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Figurel: XRD diagram of pureand Gadoped ZnO thin films

ubgtrate at room temperatureusing RF magnetron sput-
tering. The Si substrates used in thisstudy were p-type
singlecrystal (100) with athickness of 500 pm and a
resstivity of 50 Qcm. S substrateswere cleaned ultra:
sonicaly inacetonefor 15 min, rinsed with deionized
water and then weredried. Ga,0, (99.99%) powder
was added to a ZnO (99.99%) powder target as
dopant. The powder waslightly tamped downona4
in. diameter cupper backing plateto produceauniform
thickness(4in.) and surfaceto target distance. Nofur-
ther processes such assintering wereinvolved intarget
production. The Gadoping ratiowasadjusted at 3,5
and 7 wt. %. The substrateswererotated (15 rd/mn)
and placed paralldl tothetarget surface at adistance of
65 mm. RF magnetron sputtering power density was
adjusted to 2.5 W/cm?. In order to avoid film’s con-
tamination, thechamber was evacuated to abase pres-
sureof about 10 Pa. Argon (Ar) gaswasintroduced
into the chamber through amassflow controller. The
mass flow of argon gas was fixed at 3 sccm, corre-
spondingto afinal pressureof 0.6 Pa.

Thestructure propertiesof thefilmswereanayzed
by X-ray diffraction (PANaytical X Pert Pro, Philips
Co, Ltd) with Cu Ko radiation (A = 0.15406 nm), to
identify the crystal structure and orientation of each
phase. ASTM tablewere used for indexing thelines.
Surface morphol ogy was observed using an atomic
force microscope (Nanoscope I llaVeeco type dimen-
sion 3100). Capacitance-Voltage (C-F) measurements
were performed with the impedance anayzer HP
4192A, to determinethebuilt-in potentia of ZnO/p-S
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and ZnO:Galp-Si heterojunctionsand current voltage
characteristics (I-V) of the heterojunctionswere mea
sured at room temperature by using the DC voltage-
current source unit (Agilent N6762A). Ohmic contacts
of silver pastewere applied onto the ZnO:Gafilmsas
the top electrode and to the p-silicon substrate asthe
bottom el ectrode. Film thicknesswas estimated with
Swanpoe method™, based on the use of theinterfer-
encefringesextremesof thetransmittanceand reflec-
tance spectra, applied on ZnO:Gafilmsdeposited on
glasssamplesgrown s multaneoudy withthe ZnO:Ga/
Sfilms

RESULTSAND DISCUSSION

Sructural properties

XRD pattern of ZnO:Gafilmsdepostedonslicon
substrate with different Gadoping contentsisshownin
Figure 1 (thefilmthicknessis580 nminaverage).

A weak ZnO (002) and very strong Si(400) sub-
strate diffraction peaks were observed for the depos-
ited ZnOfilm. All filmswere polycrystalinewith ahex-
agond wurtzitegtructureand apreferred orientation with
the c-axis perpendicular to the substrate; no phases
corresponding to Ga,0, were detected. With a Ga-
doping content of 3 wt.%, the intensity of the (002)
peak and Si(400) substrate diffraction peaksincreased,
indicating animprovement inthecrystalinity. With fur-
ther Ga-doping content up to 7 wt. %, theintensity of
(002) peak decreased. Thisbehavior iscongruent to
theclassica Al and In doping effect onthe ZnO struc-
ture®9, |nthese cases, the doping atoms destroy the
initial preferential orientation of the undoped film, with
increasing the doping concentration the film becomes
polycrysta lineand thetextured structure disgppears*.
The(002) peek positionwaslinearly shifted tothelower
260 vauewiththeincrease of Gacontent. Thisshiftindi-
catesthat thefilmsareinauniform state of stresswith
tenslecomponentspardld toc-axis. Smilar shiftswere
also observedinZnO:Al filmsin previous studies 213,
Thisresult could be attributed to an enhancement of the
cryddlinity andthepossibility of replacingzincions(Zn?:
0.74A) by thegalliumions(Ga*: 0.62A) of the host
matriX, which createthelattice strain and consequently
modified thelattice parameters.

Themicrostrain ¢ in ZnO thinfilmsalong c-axis

flano Science and flano Technology

7 e T ot



440

n-ZnO:Ga / p-Si heterojunction diodes grown by RF magnetron sputtering

NSNTAIJ, 8(11) 2014

Full Paper =

TABLE 1: Sructural parameter sobtained from XRD pattern

Samples Zn0O Zn0:Ga3% Zn0:Ga 5% Zn0O:Ga 7%
(002) peak positionin 28terms(°) 34.31 34.23 34.12 34.00
FWHM (Booz (°)) 0.317 0.250 0.329 0.338
Grain sze D (nm) 26.20 33.15 26.00 24.60
Lattice parameter (A) 5.225 5.230 5.253 5.271
Stress (GPa) -0.881 -0411 -2.144 -2.950

perpendicular to thesubstrate was cal culated using the
equation:
,_Ac

c @
where Ac isthedifference between thelattice param-
eter ‘¢ of the films (calculated from XRD data) and the
| ettice parameter “c,” of unstrained ZnO (0.5206 nm)*4.
Theestimated vauesof thisstainisabout 1073, thisre-
sult may be caused by atensile stressdueto Zn?* ions
subdtitution by Ga** ionsinthelattice. Theresdud stress
o inthe plane of thefilm can be cal culated from the
grainwiththebiaxial strain model 4!

2C 13~ V33 (Cll + ClZ)
C 13

where C, aretheelastic stiffness constantsfor su( n)gl e
ZnO crystal (C,,=208.8GPa, C,,=213.8GPa, C ,
=119.7 GPa, C ;= 104.2 GPa)[15 161 Equation 3 can
besimplified to Gfilm: -233 x £ (GPa). Stressvalues
for ZnO:Gafilmsat different doping concentration were
lisedin TABLE 1. The negativestressva uesindicated
that thefilmswerein astate of compressivestress.
Thegrain size can be accessed by the XRD data
usingtheDebye-Scherrer formulal®®:

092

- S cosé @
whereD istheaveragegrainsize, Aisthe X-ray wave-
length, isthediffraction angleof thepesk and fisthe
FWHM. Theca culated grain sizewith different doping
concentrationsisshownin TABLE 1. It wasfound that
the 3wt. % Ga-doped films have thelargest value of
grainsizes. Therefore, thefilm deposited under the Ga
content of 3wt. % hasthe best structural properties.
However, asthe Gacontent increasesfrom 3to 7 wt.%,
the grain sizes decreases, which indicate, that higher
content of Ga leadsto a deterioration of the crystal
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structure by distorting the ZnO lattice. Compressive
stressva uesincreased asthe Gacontent increases. This
result could berelated the occupancy of Gaionsinthe
interstitia sitesof ZnOfor higher Gadoping concentra:
tiong"%8, Thelength of c-axisinthefilmswas cal cu-
lated fromtheequation of hexagond structureinterplanar
spacing. Theresultsareshownin TABLE 1. Itisfound
that thelength of c-axisincreaseswith increasing Ga
content, whichindicated that theresidud stressand lat-
tice constant in ZnO films changed*¥. It can be con-
cluded from the resultsthat an appropriate Gadoping
intheZnO filmscan improvethestructura properties
of theZnOfilms.

Surface mor phology

Figure 2 displaystheAFM micrographs (2 um x 2
um) of theZnO filmsfor various Gaconcentrations.

It can be seen that all samplesdemonstratesauni-
formand densely packed granular arrangement. Indeed,
theimagesindicate acorre ation between Gaconcen-
tration and surface morphol ogy by meansof different
crystallitesizes. Theincreasein the doping concentra-
tion tendsto produce changesinthecrystdlitesizeand
the surfaceroughness. Theroughnessdecreasesasa
result of crystalitessize decrease®?. For the scanning
area(2 um x 2 um), theroot-mean squares (RMS) of
average surfaceroughness are determined as 12.25,
16.55, 15.75 and 8.50 nm for undoped and Ga-doped
ZnOthinfilmsof 3wt.%, 5wt.% and 7 wt.%, respec-
tively. It wasfound that the 3 wt. % Ga-doped films
havethe highest value of surfaceroughnesswhichis
cong stent with the XRD resultsshown above.

Electrical properties

(@) I-V characteristicsof undoped and Ga-doped
ZnO/p-S hetergjunction

The current—voltage (I-V) characteristics of
undoped and Ga-doped ZnO/p-Si heterojunction di-

A i Pl ———————



NSNTAIJ, 8(11) 2014 F.Chaabouni et al. 441

—— FWI P@p@f

Figure2: AFM imagesof ZnO:Gafilmswith Ga contentsof (a) 0wt.%, (b) 3wt.%, (c) 5wt.% and (d) 7 wt.%

TABLE 2: Electrical parameter sobtained from -V and C-V measurements

|-V measurements C-Vmeasurements
n 1s(A) 0 (eV) Rs (Q) Vii (V) Np (cm?) 0 (eV)
Undoped 116 4.11 10° 0.63 49.03 0.70 9.54 10 0385
Zn0:Ga 3 wt.% 1.81 7.17 10° 0.64 57.01 0.67 5.22 10'° 0.77
Zn0:Ga 5 wt.% 1.79 1.57 10° 0.61 10.06 071 1.39 10% 073
Zn0:Ga 7 wt.% 174 2.410° 0.60 27.13 0.72 7.04 10" 0.76

ode measured at room temperatureareshownin Fig-

ure3. I _I{ [q(\/ IRS)] }

Thel-V characteristicsof the structuresshowsgood KT
rectification and were plotted to determinethebarrier - whereR istheseriesresistance, nistheidedlity factor
height and theideality factor of thediodes. For volt-  and|_isthe saturation current derived fromthestraight
ages higher than 3KT/q, theln(l)—/ plot show alinear lineintercept of In(l) at V= 0andisgiven by:
region which can beused to determinetheva uesof the
idedlity factor and barrier height. Thestandard diode 1 = A'AT? exp( ?fl’B j

equationisgiven byt?Y: ©)
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Figure3: Current—voltage characteristics at room tempera-
tureof undoped and Ga-doped ZnO on p-Si substrates. The
insetisdVv/d(In1) vs. 1 plot of thedeposited films

whereqisthedectroncharge, V isthedefiniteforward
biasvoltage, Aisthecontact area, A" istheeffective
Richardson constant (for n-ZnO, A" = 32 K2 cnr2),
k isthe Boltzmann constant, T isabsol ute temperature
and @, isthebarrier height. Thus, thebarrier height can
be obtained from the equation:

AA*sz

O, =KT| n{
_ ©)

Thebarrier height of undoped and Ga-doped ZnO/
p-Si heterojunctionisaround 0.60 eV. Thisvalueisin
good agreement with that obtained for ZnO/p-Si pre-
pared by DC sputtering (0.69 eV)23 and lower than
that obtained in our previousstudy for aZnO/p-Si di-
odefabricated by RF sputtering technique®.

Theidedity factor wasdetermined from theslope
of thelinear region of theforward biasIn(l)-V charac-
terigticthroughtherdation:
n=94

KT d(Inl) (

Thevaluesof theideality factor are greater t?lan
unity, asshow in TABLE 2, whichimpliesderivation
fromided behavior.

Thus, thisresult can beattributed to theinterfacia
thin nativeoxidelayer at theAgand ZnOinterfaceand
the seriesresistance effect. Theidedity factor increases
with the Gacontent up to 3 wt. % then decreases, indi-
cating avariation in recombination component dueto

theadditiona defectsintroduced by Gaincorporation,
and/or the seriesres stance effects.
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Figure4: Thereverse-biasC—2-V characteristicsof undoped
and Ga-doped ZnO on p-Si substrates

Theseriesresistance R can a'so beobtained using
amethod devel oped by Cheung and Cheung®!, using
thefollowingfunction:

Vg KT
d(ni) q ®

Theinsetin Figure 3 showsalinear plot of dv/d(In
) vs. | of un-doped and Ga-doped ZnO/p-Si
heterojunction. R isdetermined astheslopeof thedV/
d(Inl) vs.1 plot. Thevauesof R _havebeen calculated
and summarized in TABLE 2. These values may be
affected by theinhomogeneity of the contactsduring
theelaboration.

(b) C-V characteristicsof undoped and Ga-doped
ZnO/p-S hetergjunction

The potential barrier at thejunction can be mea-
sured by smal-signd capacitance-voltage (C-V) char-
acterigtics. The capacitance measurementswere per-
formed at room temperature at afrequency of 100 kHz
under applied forward and reverse DC bias sweeps
(“10to 10 V) with an AC oscillation level of 0.5 mV.
The depl etion region capacitance can bewritten ag?:

2_ qNDNASISZ 1
C =26N, +eN,) (V, V) ©

whereN_ and N, aredonor density inn-ZnO and ac-
ceptor density inp-Si, and e, and e, aredielectric con-
stants of N-ZnO and p-Si, respectively and V isthe
applied voltage.

For an applied reverse voltage V>> kT/q, and
knowingthat N,>>N_, therelationship between the
depletion layer capacitance per unit areaand the ap-

e Tntian fnal, e —
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plied voltageisgiven by:

1 2(V, —V)

C? ges,S°N, 10
with g isthedielectric constant of the semiconductor
(eg, = 7.965 x 10" F/m#, ¢ = 8.85x10"? F/m is
the di€lectric constant of vacuum, V,, isthediffusion
potential at zero bias determined from the extrapol a

tion of thelinear reversebiasC -V plot. Thebarrier
height isgiven by thefollowing equation:

N
CD:quO+kTIn N_C (11)

Thediffusion voIFageat zerobias, V,, isequd to
V,, + KT/qwhereKT/qIn (N /N,) representsthe depth
of the Fermi level bel ow the conduction band in the
neutral region of thesemiconductor. N, isthe density of
statesinthe conduction band, whichisN_=3.5x10"
cm®for ZnO at room temperature?,

Figure4 depictsthe C-7 measurementsof undoped
and Ga-doped ZnO/p-Si heterojunction. TheC2vs.V
relationship waslinear, which confirmed theformation
of aheterojunction at then-ZnO/p-Si interface.

Under reverse bias conditions, the capacitance de-
creased asthereversebiasincreased. The donor con-
centration of undoped and Ga-doped ZnO/p-Si
heterojunction was cal culated from the slope and the
barrier height estimated from theextrapol ated i ntercept
of 1/C2withthevoltage axis. Theca culated va ues of
carrier concentration and barrier height of undoped and
Ga-doped ZnO/p-Si heterojunction are summarizedin
TABLE 2. It wasfound that the values of the barrier
height extracted from the C-V curvesare higher than
thosederived from the |-V measurements. Thisdiffer-
ence can be dueto aninterface layer and the barrier
inhomogeneities?, Thepotentia height decreaseswith
the Ga-doping content, and is around 0.70 eV. This
vaueiscong sent withtheenergy differenceof thework
functionsbetween Si and ZnO; the Fermi level below
thevacuum level is4.97 eV for p-Si and 4.25¢V for
ZnO, and thedifference betweenthemis0.72eV. The
donor concentration increaseswith the Ga-doping con-
tent level aspreview but decreasesfor the Gacontent
of 7wt.%. Thisdecrease effect can beinterpreted asa
structura reorganization of thesample (7 wt.%), which
was confirmed by the structurd anadysis.
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CONCLUSION

High quality ZnO and ZnO:GathinfilmsonaSi
substrate have been grown by RF magnetron sputter-
ing using a powder target. X-ray diffraction study
showed that the structure of thefilmishexagond witha
strong (002) preferred orientation. Thefilm deposited
under the Gacontent of 3wt. % revealed thebest struc-
tural properties. The device current—voltage curve
showed excellent rectification behaviors. Theidedlity
factor of the heteroj unction was obtained from curve
fitting and found to bein therange of 1.16 and 1.81
and the barrier height valueswerearound 0.60 eV. It
wasfound that the barrier height values obtained from
the C-J" measurements are higher than those obtained
from |-V measurements. Theedectrica performanceof
ZnO/p-Si heterojunction diodes can be controlled by
the Gadopant content. Theresultsindicatethat ZnO:Gal
p-S heterojunctionsaregood candidatesfor eectronic
devicegpplications.
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