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Electrical characterization of transparent p – i – n heterojunction diodes
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~Received 19 June 2001; accepted for publication 28 August 2001!

Transparentp– i –n heterojunction diodes are fabricated using heavily doped,p-type CuYO2 and
semi-insulatingi-ZnO thin films deposited onto a glass substrate coated withn-type indium tin
oxide. Rectification is observed, with a ratio of forward-to-reverse current as high as 60 in the range
24–4 V. The forward-bias current–voltage characteristics are dominated by the flow of
space-charge-limited current, which is ascribed to single-carrier injection into thei-ZnO layer.
Capacitance measurements show strong frequency dispersion, which is attributed toi-ZnO traps.
The diode structure has a total thickness of 0.75mm and an optical transmission of;35%–65% in
the visible region. ©2001 American Institute of Physics.@DOI: 10.1063/1.1413710#
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I. INTRODUCTION

The report ofp-type conductivity in transparent CuAlO2
films1 has attracted much attention, since in conjunction w
n-type transparent conducting oxides such as ZnO they
vide a route for the realization of transparent electronic a
optoelectronic devices. Several similar compounds hav
the delafossite structure of CuAlO2 have been reported re
cently with varying conductivity and transparency.2–5 In-
creasingly conductivep-type delafossite thin films o
CuYO2:Ca,3 CuScO2,2 and CuCrO2:Mg,4 with conductivities
of 1, 30, and 220 S cm21, respectively, have been realize
All-oxide transparentp–n junctions and light-emitting di-
odes have been successfully fabricated using ZnO
SrCu2O2.6,7 Rectifying behavior in other oxide structures h
also been reported, includingp-NiO/i-NiO/i-ZnO/n-ZnO
~Ref. 8! and n-ZnO/p-ZnO,9 although well-characterized
p-type ZnO has proven elusive. Bipolarity has been repor
in the CuInO2 delafossite system, with the promise of
transparent oxidep–n homojunction.10

The purpose of this article is to report on the electri
characteristics of all-oxide transparentp– i –n heterojunction
diodes fabricated using CuYO2:Ca as thep-type transparen
conductive oxide.

II. DEVICE FABRICATION AND MATERIALS
CHARACTERIZATION

Transparent p– i –n heterojunction diodes have th
structure p-CuYO2:Ca/i-ZnO/n-indium tin oxide ~ITO!/
glass, as shown in Fig. 1.11 The 1 in. glass substrate, coate
with a 200 nm sputtered ITO film, is supplied by Plan
Systems. ITO is highly transparent (.85% in the visible
region! and has a conductivity in the range 103– 104 S cm21.
ZnO is deposited onto the ITO-coated glass by rf magne
sputtering at a substrate temperature of 150 °C, 10 mTor
pure Ar as the sputtering gas, target-to-substrate distanc

a!Electronic mail: jfw@ece.orst.edu
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2.5 cm, and rf power of 100 W; the film thickness is;250
nm. Two doping procedures are employed to vary the car
concentration in the ZnO films; heavily dopedn1-ZnO:Al is
sputtered from a ZnO target doped with 2% Al; undope
nonstoichiometricn-ZnO12y from a pure ZnO target.P-type
CuYO2:Ca is deposited through a shadow mask at a subs
temperature of 100 °C by reactive co-evaporation. Y, Cu, a
Ca are thermally evaporated from refractory boats at a wo
ing molecular oxygen pressure of 150mTorr. The thickness
of the CuYO2:Ca layer is;300 nm. After deposition of the
p-type layer, the device is subjected to a rapid thermal ann
~RTA! for 3 min at 600 °C in oxygen. This RTA proces
improves the conductivity of thep-type CuYO2:Ca via O
intercalation, but also renders the ZnO layer semi-insulat
(s,0.1 S cm21); this is at least partially attributable to th
annihilation of oxygen vacancies, which act as donors
ZnO. Finally, In is used to make Ohmic contact to t
CuYO2:Ca and ITO layers.

Hall-mobility and conductivity measurements are pe
formed using the van der Pauw configuration. For ZnO:
the Hall mobility m511.9 cm2 V21 s21 and conductivitys
51800 S cm21 give a carrier concentrationn59.631020

cm23. For an undoped, nonstoichiometric ZnO film, the H
mobility m56.2 cm2 V21 s21 and conductivity s550
S cm21 give a carrier concentrationn5531019 cm23. These
measurements are for ZnO films sputtered on glass, with
postdeposition annealing; both types of ZnO are strongly
fected by the high-temperature oxygen anneal required
the CuYO2:Ca layer.

The CuYO2:Ca films showp-type conductivity by ther-
moelectric probe measurements, with a Seebeck coeffic
of 280mV K21. Hall measurements could not determine t
mobility of holes in the CuYO2 films, thus placing an ap-
proximate upper limit on mobility of;1 cm2 V21 s21. Using
this mobility value results in a minimum carrier concentr
tion of p;131019 cm23 for p-type CuYO2:Ca. CuYO2:Ca
thin films typically exhibit;40%–50% transparency in th
visible region of the electromagnetic spectrum.
3 © 2001 American Institute of Physics
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III. DEVICE CHARACTERIZATION

A. Energy-band considerations

An approximate equilibrium energy-band diagram f
the transparent CuYO2:Ca/ZnO/ITO p– i –n heterojunction
diode is shown in Fig. 2. ITO isn type, has a band gap o
;3.6 eV,12 and is degenerately doped, so that its Fermi lev
EF , is positioned slightly above the conduction-band mi
mum, EC . The ZnO band gap is;3.3 eV.13 As mentioned
previously, the ZnO layer becomes semi-insulatings
,;0.1)S cm21 after the 600 °C RTA treatment in oxygen
corresponding to an electron concentration,n<;1017 cm23,
which is at least two orders of magnitude smaller than
carrier concentration of the CuYO2:Ca or the ITO layers.

Sketching the CuYO2:Ca portion of the energy-band dia
gram shown in Fig. 2 is more difficult since there is som
uncertainty regarding the band gap of CuYO2. Figure 3
shows (ahn)1/2 and (ahn)2 plots of the absorption edge o
an undoped CuYO2 thin film for estimation of the indirect
and direct allowed optical band gaps, respectively. This
sults in estimates of;1.2 and;3.6 eV for indirect and
direct band gaps, respectively, in agreement with those
ported by Benko and Koffyberg for Ca-doped CuYO2, from
photoelectrochemical measurements.14 These band-gap iden
tifications are consistent with the optoelectronic assessm
and electronic structure calculations of Yanagiet al.who find
for CuAlO2, a similar delafossite material, an indirect ba
gap at;1.8 eV and a direct band gap at;3.5 eV.15

However, these conclusions are inconsistent with
electronic structure calculation of Mattheis, who asserts
CuYO2 minimum band gap to be direct at;2.7 eV and finds
that interstitial oxygen doping results in the evolution
midgap impurity bands, thus decreasing the effective b
gap.16 Additionally, from soft x-ray photoabsorption spe
troscopy measurements, Cavaet al. observe the emergenc
of new unoccupied band-gap states as they oxygen d
CuYO2 to obtain CuYO2.55.17 They interpret their measure

FIG. 1. Structure of the CuYO2:Ca/ZnO/ITOp– i –n heterojunction diode.

FIG. 2. Equilibrium energy band diagram for a CuYO2:Ca/ZnO/ITOp– i –n
heterojunction diode.
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ments as indicating that Cu atoms in CuYO2 are in the Cu11

oxidation state, characterized by a 2p63d10→2p53d104s1

photoabsorption transition, but that oxidized Cu atoms
CuYO2.55 are in the Cu21 oxidation state, characterized by
2p63d9→2p53d10 photoabsorption transition. Thus, the r
sults of Mattheis and Cavaet al. suggest that the;1.2 eV
indirect band gap estimated from optical absorption meas
ments could be an extrinsic effect arising from oxygen int
calation doping which, in fact, we employ to improve th
conductivity of our CuYO2 layers. Furthermore, assume th
CuYO2 is indeed a wide-band-gap material, with a minimu
band gap corresponding to Mattheis’ underestimated~by his
own admission! calculated;2.7 eV direct band gap o
Benko and Koffyberg and our measured;3.6 eV direct band
gap. It is likely that oxygen intercalation doping, substit
tional doping ~e.g., Ca doping!, or unintentional impurity
incorporation would indirectly give rise to new and probab
deep states in the gap via self-compensation,18 in addition to
the band-gap states produced directly from the incorpora
of these dopants/impurities. Such directly and indirectly p
duced gap states would result in a decrease in the effec
band gap as estimated from optical absorption meas
ments.

Returning to Fig. 3, our appraisal of the literature ind
cates that the strong absorption edge at;3.6 eV corresponds
to an allowed direct band gap. The origin of the weak a
sorption edge at;1.2 eV is less certain. Most likely it cor
responds to absorption associated with either an intrin
indirect band gap or some type of extrinsic doping, impur
incorporation, or self-compensation-induced gap sta
More work is required to unequivocally establish which a
sorption mechanism is operative. Regardless of the abs
tion mechanism, we regard this omnipresent weak absorp
edge as evidence that the band gap or effective band
which establishes thep– i –n diode electronic properties i
approximately;1.2 eV. Moreover, the Fermi level must b
positioned near the valence band maximum since the h
concentration is so large. This energy-band situation is in
cated in Fig. 2.

FIG. 3. (ahn)1/2 and (ahn)2 plots of the absorption edge of an undope
CuYO2 thin film for estimation of the indirect and direct allowed optic
band gaps, respectively. This results in an indirect band gap of;1.2 and a
direct band gap of;3.6 eV.
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Two aspects of Fig. 2 merit further comment. First, t
high-temperature RTA treatment employed to fabricate th
p– i –n heterojunctions very likely results in interdiffusio
and compositionally graded, rather than abrupt, interfac
Such compositional grading precludes interfac
conduction- or valence-band discontinuities and results
smooth transition between bulk energy bands. Second, du
the significant mismatch in band gaps between CuYO2 and
ZnO, the barrier for hole injection at thep– i interface is
;2.1 eV larger than the barrier for injection of electrons
then– i interface. This suggests that the forward bias curr
is likely to be essentially unipolar, due predominantly to t
injection of electrons from ITO. This unipolar behavior is
departure from normalp– i –n homojunction diode behavior
where bipolar carrier injection and recombination in thei
layer is the dominant current mechanism.19

B. Current–voltage characteristics

Figure 4 presents typicalI–V curves for two types of
CuYO2:Ca/ZnO/ITOp– i –n heterojunction diode in which
the ZnO layer is either undoped or doped with Al. Figure
and 6 display corresponding forward bias ln(I)–V and
log(I)–log(V) curves for the ZnO:Al device. Several featur
of theseI–V characteristics are noteworthy.

FIG. 4. I–V characteristics for two types of CuYO2:Ca/ZnO/ITO p– i –n
heterojunction diodes in which the ZnO layer is either undoped or do
with Al.

FIG. 5. Forward-bias ln(I)–V characteristics of a CuYO2:Ca/ZnO/ITO
p– i –n heterojunction diode in which the ZnO layer is Al doped. Expone
tial fit lines correspond to ideality factorsn51, 2, and 47.
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First, these diodes clearly exhibit rectification. A max
mum forward-to-reverse current ratio of 60 occurs at64 V
for the ZnO:Al structure, and at65 V for the structure con-
taining undoped ZnO. In reverse bias, the initially sm
leakage current is followed by a rather soft breakdown. B
diode structures are able to sustain a maximum current o
mA ~150 mA cm22) or more in both forward and revers
bias.

Second, Figs. 4 and 6 provide evidence that the se
resistance of these devices is small and does not ma
significant contribution to the measuredI–V curve trend. An
upper bound for the series resistance may be estimated
Fig. 4 as the inverse of the slope of theI–V curve at the
largest forward bias; the maximum series resistance e
mated in this manner is;25 V for these diodes. Additiona
evidence that the series resistance actually must be sm
than this estimate is available from Fig. 6, when it is reco
nized that a log(I)–log(V) curve should give rise to aI}V1

power law at large forward bias if the diode is serie
resistance limited; Fig. 6 clearly shows that this is not t
case.

Third, Fig. 5 shows that the diode does not conform
the ‘‘normal’’ forward-biasI–V relationship in which the cur-
rent depends exponentially on the voltage divided by a pr
uct of the thermal energy times an ideality factor ofn51 or
2.19 An illustration of the futility of trying to fit a typical
measured ln(I)–V curve withn51 or 2 is shown in Fig. 5.
Observe that a significant portion of the ln(I)–V curve can be
well fit using n547; ann of such a large magnitude argue
against the viability of employing an exponential relationsh
to account for thisI–V trend.

The power-law fits shown in Fig. 6 provide insight int
the operative mechanisms responsible for theI–V trends of
CuYO2:Ca/ZnO/ITOp– i –n heterojunction diodes. At very
small voltages,I}V1, indicating that Ohmic conduction pre
vails. At larger voltages,I}V2, corresponding to a shallow
trap square-law regime, characteristic of space-cha
limited current~SCLC!.20 At intermediate voltages,I}V2.5,
corresponding to a transition between Ohmic and class
SCLC; transition regions such as this often arise in SCL
dominatedI–V characteristics and are attributed to the pr
ence of traps near the Fermi level of the layer in whi

d

-

FIG. 6. Forward-bias log(I)–log(V) characteristics of a CuYO2:Ca/ZnO/ITO
p– i –n heterojunction diode in which the ZnO layer is Al doped. Thr
power law fits to different portions of the log(I)–log(V) curve are shown.
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SCLC flow occurs~e.g., see Fig. 4.5 of Ref. 20!. Finally, at
the largest applied forward biases, the log(I)–log(V) curve
deviates from a square-law dependence, bending upw
with a much greater slope; this regime is likely due to t
onset of a trap-filled limit~TFL!, double injection, or~less
likely! breakdown.

A bit of deconstruction of the last paragraph is perha
warranted. Ideal SCLC is observed when carriers are inje
from contacts into a perfect insulator. Since the ideal insu
tor contains no free carriers in equilibrium, these injec
carriers establish space charge in the insulator bulk. Fur
carrier injection is inhibited by the presence of this inject
space charge, giving rise toI}V2 square-law characteristics
In practice, some free carriers are present in equilibrium
that ohmic conduction dominates theI–V characteristics a
the smallest applied voltages. Also, because of nonideal
such as bulk trapping of injected carriers and various p
sible bulk trap distributions, SCLC behavior is often found
be proportional to a power of the applied voltage greater t
2, as observed in the transition region of the log(I)–log(V)
curve shown in Fig. 6 in whichI}V2.5.

C. Capacitance characteristics

Figure 7 presents capacitance–voltage~C–V! character-
istics at selected discrete measurement frequencies bet
1 kHz and 10 MHz. Figure 8 shows the measur
capacitance–frequency (C– f ) characteristics at reverse b
ases from 0.4 to 2.0 V. Capacitance measurements sh
here are for an Al-doped ZnO device, but are typical of
pacitance measurements for both undoped and Al-do
ZnO devices.

The capacitance of a trap-free diode is expected to
crease with increasing reverse bias, due to an increase i
depletion region width, and to be independent of the m
surement signal frequency. Thus, the voltage dependenc
the 1 and 10 kHz curves shown in Fig. 7 is consistent w
the expected trend, at least qualitatively. In contrast, the v
age independence of the 100 kHz, 1 MHz, and 10 M
curves and the frequency dispersion of all of theC–V curves
are not expected. These anomalous trends are attribute
the presence of traps, as discussed in the following.

FIG. 7. Reverse-biasC–V characteristics of a CuYO2:Ca/ZnO:Al/ITO
p– i –n heterojunction diode obtained at frequencies of 1 kHz, 10 kHz,
kHz, 1 MHz, and 10 MHz.
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For a trap to contribute to the measured capacitan
both capture and emission of a carrier must occur quic
enough so that the trap is able to dynamically maintain
steady-state occupancy with respect to the measuremen
nal frequency.21 Above a certain frequency for each trap, th
trap can no longer follow the applied signal so that it
longer contributes to the measured capacitance.

In practice, trap emission usually establishes the stea
state trap occupancy. Assuming this to be the case, the c
cal trap depth,Etrap, beyond which traps can no longer mai
tain steady state with applied signal frequencyf may be
estimated from21

Etrap'kBT lnFsnv thNC

2p f G , ~1!

wherekB is Boltzmann’s constant,T is temperature,sn is the
trap electron capture cross section,v th is the electron therma
velocity, andNC is the conduction-band density of states.

A decrease in the measured capacitance correspond
an increase in the effective distance across which ac ch
modulation occurs; the measurement signal frequency de
mines the critical energy depth of the traps that are able
contribute to the capacitance. Thus, the essential point i
recognize that a decrease in the measured capacitance
arise from a voltage-induced increase in the steady-stat
depletion region width, or as a consequence of a chang
the measurement frequency due to the inability of traps
follow the measurement signal.

With these ideas in mind, consider Fig. 8, which displa
the capacitance frequency dependence, with reverse vo
as a parameter. First, note that the frequency dependen
as strong or stronger than the voltage dependence. T
traps play an important role in establishing the capacita
trends shown in Fig. 8, as well as Fig. 7. Next, note that
voltage dependence is negligible above;50 kHz, at a ca-
pacitance of;30 nF/cm2. This corresponds to the expecte
capacitance of the fully depletedi-ZnO layer. Thus, for fre-
quencies above;50 kHz, theC–V curves shown in Fig. 7
are voltage independent because ac charge modulation
curs across the entirei-ZnO layer; traps withini-ZnO are no
longer able to respond to the measurement signal freque
Note that the reduction in capacitance with frequency

0
FIG. 8. Reverse-biasC– f characteristics of a CuYO2:Ca/ZnO:Al/ITO
p– i –n heterojunction diode for reverse biases of20.4, 20.8, 21.2, 21.6,
and22.0 V.
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frequencies in excess of;100 kHz is attributed to the diod
RC time constant~i.e., a diode resistance of;25 V and
capacitance of;2.5 nF result in a roll off of the measure
capacitance beginning at;100 kHz. In this assessment it
important to recognize that in the deviceR and C are in
series, whereas theC– f measurement is performed with th
capacitance meter set to assume a parallel RC model;
results in a roll off in measured capacitance much ear
than expected from the RC time constant!.

Using Eq.~1!, the critical trap depths above which trap
can no longer maintain steady-state with the applied sig
frequency are estimated as;0.3 and;0.4 eV for frequen-
cies of 50 and 1 kHz, respectively~assuming a neutral cap
ture cross section of 10215 cm2). Thus, the traps responsib
for the capacitance frequency dispersion evident in Figs
and 8 are relatively shallow traps. Although these traps
relatively shallow, a Fermi-level position of 0.3–0.4 eV b
low the conduction-band minimum corresponds to a v
small electron density in thei-ZnO of ;1012– 1014 cm23.
Thus, these trap depths are consistent with the se
insulating nature of thei-ZnO layer.

As a conclusion to this section, notice that if the dio
capacitance at 50 kHz is;30 nF/cm2 and corresponds to a
charge modulation across the full 250-nm-thicki-ZnO layer,
this means that the effective widths corresponding to th
kHz diode capacitances of;60–90 nF/cm2, as shown in Fig.
8, are;80–125 nm. Thus, ac charge modulation occur
significant distance into thei-ZnO layer, and the traps giving
rise to frequency dispersion of the capacitance originate
the i-ZnO bulk.

D. Optical transmission characteristics

For optical transmission measurements, the diode st
ture is fabricated under identical conditions on a glass/I
substrate, but without use of the shadow mask for deposi
of p-type CuYO2:Ca. Figure 9 shows the optical transmi
sion spectrum of a CuYO2:Ca/ZnO:Al/ITO p– i –n hetero-
junction diode with a total thickness of 0.75mm. The optical
transmission is;35%–;65% in the visible region betwee

FIG. 9. Optical transmission spectrum of a CuYO2:Ca ~300 nm!/ZnO:Al
~250 nm!/ITO ~200 nm! p– i –n heterojunction diode with a total thicknes
of 0.75mm.
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450 and 700 nm. This compares to an optical transmissio
the visible of 20% reported by Sato et al. for theirp–NiO/
i-NiO/i-ZnO/n-ZnO p– i –n heterojunction diode6 and 70%–
80% reported by Kudoet al. for their p-SrCu2O2 /n-ZnO
p–n heterojunction diode.6

IV. CONCLUSIONS

All-oxide transparent n1-ITO/i-ZnO/p1-CuYO2:Ca
p– i –n heterojunction diodes are fabricated and charac
ized. The diodes show rectifying current–voltage charac
istics, dominated in forward bias by the flow of spac
charge-limited current in thei-ZnO layer. Energy-band
considerations indicate that band gap mismatch suppre
the injection of holes from thep-CuYO2:Ca into thei-ZnO,
so that the current–voltage characteristics differ from th
of a typical p– i –n homojunction diode. Capacitance me
surements show a strong frequency dispersion, attribute
bulk traps in thei-ZnO layer.
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