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Electrical characterization of transparent p—i—n heterojunction diodes
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Transparenp—i—n heterojunction diodes are fabricated using heavily dopegpe CuYQ and
semi-insulatingi-ZnO thin films deposited onto a glass substrate coated mvitfpe indium tin

oxide. Rectification is observed, with a ratio of forward-to-reverse current as high as 60 in the range
—4-4 V. The forward-bias current—voltage characteristics are dominated by the flow of
space-charge-limited current, which is ascribed to single-carrier injection inte-Zh®© layer.
Capacitance measurements show strong frequency dispersion, which is attribi#&dQdraps.

The diode structure has a total thickness of Qui% and an optical transmission 6f35%—-65% in

the visible region. ©2001 American Institute of Physic§DOI: 10.1063/1.141371]0

I. INTRODUCTION 2.5 cm, and rf power of 100 W; the film thickness+250
T nm. Two doping procedures are employed to vary the carrier
Th t ofp-t onductivit t t CuA o . . .

e report ofp-type conductivity in transparent CUAO peoncentration in the ZnO films; heavily dopad-ZnO:Al is

films' has attracted much attention, since in conjunction wit ttored f 710 target dooed with 2% Al: undoped
n-type transparent conducting oxides such as ZnO they pros—pu ered from a 2nt target doped wi o Al, undoped,

vide a route for the realization of transparent electronic ancﬁ‘orfto'_%h'qmgmm'_Zn((jjlﬁy fro? a F;“rg Zn0 talr(get?-typs
optoelectronic devices. Several similar compounds haviniu 0O,:Ca s deposited through a shadow mask at a substrate

the delafossite structure of CuAjJhave been reported re- mperature of 100 °C by reactive co-evaporation. Y, Cu, and
cently with varying conductivity and transparercy. In- Ca are thermally evaporated from refractory boats at a work-

creasingly conductivep-type delafossite thin films of INd molecular oxygen pressure of 1pdorr. The thickness
CuYO,:Ca® CuScG,2 and CuCrQ:Mg,* with conductivities of the CuYQ;:Ca layer is~300 nm. After deposition of the

of 1, 30, and 220 Sciit, respectively, have been realized. p-type layer, thg device is supjected toa rapid thermal anneal
All-oxide transparenp—n junctions and light-emitting di- (RTA) for 3 min at 600°C in oxygen. This RTA process

odes have been successfully fabricated using znO anfinProves the conductivity of the-type CuYQ:Ca via O
SrCu0,.57 Rectifying behavior in other oxide structures hasmtercalatlon, but also renders the ZnO layer semi-insulating
also been reported, including-NiO/i-NiO/i-ZnOh-ZnO (0<0.1 Scm'Y); this is at least partially attributable to the
(Ref. 8 and n-ZnOp-ZnO? although well-characterized annihilation of oxygen vacancies, which act as donors in
p-type ZnO has proven elusive. Bipolarity has been reportedn©- Finally, In is used to make Ohmic contact to the

in the CulnQ delafossite system, with the promise of a CUYO.:Ca and ITO layers.
transparent oxid@—n homojunctiont° Hall-mobility and conductivity measurements are per-

The purpose of this article is to report on the electricalformed using the van der Pauw configuration. For ZnO:Al,

.. . . . . ili — 11 W
characteristics of all-oxide transpargnti—n heterojunction the Hall mobility =11.9 cnfV~*s™* and conductivityo

diodes fabricated using Cu¥Ca as thep-type transparent =1800 Scm* give a carrier concentration=9.6x 107°
conductive oxide. cm 3. For an undoped, nonstoichiometric ZnO film, the Hall

mobility ©=6.2 cnfV ls! and conductivity o=>50
Il. DEVICE EABRICATION AND MATERIALS Scm ! give a carrier concentratiam=5x 10*%cm 3, These
CHARACTERIZATION measurements are for ZnO films sputtered on glass, with no
_ ) _ ) postdeposition annealing; both types of ZnO are strongly af-

Transparentp—i—n heterojunction diodes have the fecied by the high-temperature oxygen anneal required for
structure p-CuYO,:Cal-ZnOhrindium tin oxide (ITO)/ e CuYQ:Ca layer.
glgss, as shown in Fig.4.The 1 |n gl_ass sub;trate, coated The CuYQ:Ca films showp-type conductivity by ther-
with a 200 nm sputtered ITO film, is supplied by Planar yejectric probe measurements, with a Seebeck coefficient
Systems. ITO is highly t'ra'nsparen1>85%3|n the V'Sltile of 280 wV K ~*. Hall measurements could not determine the
region and has a conductivity in the range 30 scm . mobility of holes in the CuY®@ films, thus placing an ap-
ZnO is deposited onto the ITO-coated glass by rf mag”etrorbroximate upper limit on mobility of-1 cn? V~1s~L. Using
sputtering at a substrate temperature of 150 °C, 10 mTorr ks mopility value results in a minimum carrier concentra-
pure Ar as the sputtering gas, target-to-substrate distance gf, of p~1x 10 cm2 for p-type CuYQ:Ca. CuYQ:Ca
thin films typically exhibit~40%-50% transparency in the
dElectronic mail: jfw@ece.orst.edu visible region of the electromagnetic spectrum.
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FIG. 1. Structure of the CuY©Ca/ZnO/ITOp—i—n heterojunction diode.
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Ill. DEVICE CHARACTERIZATION

A. Energy-band considerations

hv (eV)

; e : : FIG. 3. (@hv)Y? and (@hv)? plots of the absorption edge of an undoped
An approximate equilibrium ener.gy band dl_agram for CuYG, thin film for estimation of the indirect and direct allowed optical
the trqnsparent _Cu\_(é:I:a/ZnO/]TO p—i—n heterojunction band gaps, respectively. This results in an indirect band gaplo? and a
diode is shown in Fig. 2. ITO is type, has a band gap of direct band gap of-3.6 eV.
~3.6 eV*? and is degenerately doped, so that its Fermi level,
Er, is positioned slightly above the conduction-band mini-
mum, Ec. The ZnO band gap is-3.3 eV!3 As mentioned
previously, the ZnO layer becomes semi-insulating ( s . : n
<~0.1)Scm'! after the 600 °C RTA treatment in oxygen, ments as |ndlcat|nrg1] that Cl_" a;oms n %u%?e '”Sthemd’l
corresponding to an electron concentratios;,~ 10" cm 3, O);'dtat'%n sta;f[e, Ct ara_?_terlzi tb%"f o_ld_—>§pc3d t48 .
which is at least two orders of magnitude smaller than thééu(:{oozz Sg:z :?]rlh;acngﬂr'%r)‘(’i dal:ion ;at(;XIc;]ZaeracteL;izigrES alln
carrier concentration of the CuyTa or the ITO layers. . 2p63d9i2p53d1° bhotoabsorption tran'sition Thus the{e—
Sketching the CuYQ@Ca portion of the energy-band dia- its of hei q | h ' h '
gram shown in Fig. 2 is more difficult since there is someSU'tS O Mattheis and Cavet al. suggest that t 61'2 ev
uncertainty regarding the band gap of CuxCFigure 3 indirect band gap estimated from optical absorption measure-
; ments could be an extrinsic effect arising from oxygen inter-
shows hy)"2 and (a-hy)-z plots of _the _absorptlon_ed_ge of calation doping which, in fact, we emp?oy to im)[.{)gr;ove the
an undoped CuYthin film for estimation of the indirect conductivity of our Cu\,(Q la er,s Furthermore, assume that
and direct allowed optical band gaps, respectively. This re- Hvity , YErs. . ; .
sults in estimates of-1.2 and~3.6 eV for indirect and C4YQ2 IS indeed a wide-band-gap material, with a minimum
. : : : and gap corresponding to Mattheis’ underestimabgdhis
direct band gaps, respectively, in agreement with those regwn gdr?wissioin cpalcula?ed~2 7 eV direct band aap or
ported by Benko and Koffyberg for Ca-doped Cuy,Grom ) d gap
photoelectrochemical measuremelft¥hese band-gap iden- Benk?t e_mdl_llfolffyttr)]ertg and our.nleasulretqmgv Q|rect bgntqt
tifications are consistent with the optoelectronic assessmet p.I dIS IKely tha Coxydgen intercaia |ct)n t_oplr;g., su Tc‘t' u-
and electronic structure calculations of Yanagal. who find i::;rz)? or?a?ilcr)]r? \(;c')%"’d inacliireczglmg i\c/)é rLijsrgntc?r:\éWanimprgggbl
for CUAIO,, a similar delafossite material, an indirect band P . ecty 9 . P y
gap at~1.8 eV and a direct band gap at3.5 eV2® deep states in the gap via self-compensatfdan,addition to
However, these conclusions are inconsistent with ar]ihe band-gap stat'es prqduced diregtly from th? in'corporation
electronic structure calculation of Mattheis, who asserts thé)f these dopants/impurities. Sugh directly and !nd|rectly pro-
CuYO, minimum band gap to be direct at2.7 eV and finds duced gap states _Would result in a decrease in the effective
that interstitial oxygen doping results in the evolution of ba:annisgap as estimated from optical absorption measure-
midg;g\p impurity bands, thus decreasing the effgctive band Réturning to Fig. 3, our appraisal of the literature indi-
gap: * Additionally, from soft x-ray photoabsorption spec- cates that the strong.ab'sorption edge-&t6 eV corresponds
troscopy measurements, Cagnal. observe the emergence an allowed direct band aap. The oriin of the weak ab-
of new unoccupied band-gap states as they oxygen dor}g gap. 9

CuYO, to obtain CuYQ .17 They interpret their measure- sorption edge at- 1.2'eV is Iesg certa|r!. qut likely |F cor-
' responds to absorption associated with either an intrinsic,

indirect band gap or some type of extrinsic doping, impurity
p*-CuYO, incorporation, or self-compensation-induced gap states.
More work is required to unequivocally establish which ab-
sorption mechanism is operative. Regardless of the absorp-
tion mechanism, we regard this omnipresent weak absorption
edge as evidence that the band gap or effective band gap
which establishes thp—i—n diode electronic properties is
approximately~1.2 eV. Moreover, the Fermi level must be
positioned near the valence band maximum since the hole

FIG. 2. Equilibrium energy band diagram for a Cuy:0a/ZnO/ITOp—i—n Concentrat_ion is so large. This energy-band situation is indi-
heterojunction diode. cated in Fig. 2.
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FIG. 4. |-V characteristics for two types of Cu%@a/ZnO/ITOp-i—n FIG. 6. Forward-bias logf—log(V) characteristics of a CuY{£Ca/ZnO/ITO
heterojunction diodes in which the ZnO layer is either undoped or dopedc—i—n heterojunction diode in which the ZnO layer is Al doped. Three
with Al power law fits to different portions of the ldg{log(V) curve are shown.

Two aspects of Fig. 2 merit further comment. First, the First, these diodes clearly exhibit rectification. A maxi-
high-temperature RTA treatment employed to fabricate thesenum forward-to-reverse current ratio of 60 occurstat V
p—i—n heterojunctions very likely results in interdiffusion for the ZnO:Al structure, and at 5 V for the structure con-
and compositionally graded, rather than abrupt, interfacesaining undoped ZnO. In reverse bias, the initially small
Such  compositional grading precludes interfacialleakage current is followed by a rather soft breakdown. Both
conduction- or valence-band discontinuities and results in @iode structures are able to sustain a maximum current of 10
smooth transition between bulk energy bands. Second, due taA (150 mA cm ?) or more in both forward and reverse
the significant mismatch in band gaps between Cy¥@d bias.

ZnO, the barrier for hole injection at the—i interface is Second, Figs. 4 and 6 provide evidence that the series
~2.1 eV larger than the barrier for injection of electrons atresistance of these devices is small and does not make a
then—i interface. This suggests that the forward bias currensignificant contribution to the measureeV curve trend. An

is likely to be essentially unipolar, due predominantly to theupper bound for the series resistance may be estimated from
injection of electrons from ITO. This unipolar behavior is a Fig. 4 as the inverse of the slope of theV curve at the
departure from normgl—i —n homojunction diode behavior, largest forward bias; the maximum series resistance esti-
where bipolar carrier injection and recombination in the mated in this manner is- 25 Q for these diodes. Additional
layer is the dominant current mechanidm. evidence that the series resistance actually must be smaller
than this estimate is available from Fig. 6, when it is recog-
nized that a log)—log(V) curve should give rise to bexV?!
power law at large forward bias if the diode is series-

Figure 4 presents typicd-V curves for two types of resistance limited; Fig. 6 clearly shows that this is not the
CuY0,:Ca/ZnO/ITO p—i—n heterojunction diode in which ¢cagse.
the ZnO layer is either undoped or doped with Al. Figures 5 Third, Fig. 5 shows that the diode does not conform to
and 6 display corresponding forward bias I)a{/ and  the “normal” forward-biasl—V relationship in which the cur-
log(l)—log(V) curves for the ZnO:Al device. Several features rent depends exponentially on the voltage divided by a prod-
of thesel-V characteristics are noteworthy. uct of the thermal energy times an ideality factomef 1 or
219 An illustration of the futility of trying to fit a typical
measured Inj—V curve withn=1 or 2 is shown in Fig. 5.
Observe that a significant portion of thell{V curve can be
well fit usingn=47; ann of such a large magnitude argues
against the viability of employing an exponential relationship
to account for thid—V trend.

The power-law fits shown in Fig. 6 provide insight into
the operative mechanisms responsible for Ith¥ trends of
CuYO,:Ca/ZnO/ITOp—i—n heterojunction diodes. At very
small voltages| = V?, indicating that Ohmic conduction pre-
vails. At larger voltagesl,«V?, corresponding to a shallow-

. trap square-law regime, characteristic of space-charge-

2 3 4 5 limited current(SCLC).?° At intermediate voltaged,« V25,
Diode Voltage (V) corresponding to a transition between Ohmic and classical
FIG. 5. Forward-bias Inj—V characteristics of a CuY{Ca/ZnO/ITO SCL_C; transition reglon_s S_UCh as this oft_en arise in SCLC-
p—i—n heterojunction diode in which the ZnO layer is Al doped. Exponen- dominated|—V characteristics and are attributed to the pres-
tial fit lines correspond to ideality factors=1, 2, and 47. ence of traps near the Fermi level of the layer in which

B. Current—voltage characteristics
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FIG. 7. Reverse-biaC-V characteristics of a CuYQCa/ZnO:A/ITO  FIG. 8. Reverse-biaC—f characteristics of a CuYQCa/ZnO:AlTO
p—i—n heterojunction diode obtained at frequencies of 1 kHz, 10 kHz, 100p—i—n heterojunction diode for reverse biases-8.4, —0.8, —=1.2, - 1.6,
kHz, 1 MHz, and 10 MHz. and—2.0 V.

SCLC flow occurse.g., see Fig. 4.5 of Ref. 20Finally, at For a trap to contribute to the measured capacitance,
the largest applied forward biases, the 1dglog(V) curve  both capture and emission of a carrier must occur quickly
deviates from a square-law dependence, bending upwahough so that the trap is able to dynamically maintain a
with a much greater slope; this regime is likely due to thesteady-state occupancy with respect to the measurement sig-
onset of a trap-filled limitTFL), double injection, orless  nal frequency Above a certain frequency for each trap, the
likely) breakdown. trap can no longer follow the applied signal so that it no
A bit of deconstruction of the last paragraph is perhapdonger contributes to the measured capacitance.
warranted. Ideal SCLC is observed when carriers are injected In practice, trap emission usually establishes the steady-
from contacts into a perfect insulator. Since the ideal insulastate trap occupancy. Assuming this to be the case, the criti-
tor contains no free carriers in equilibrium, these injectedcal trap depthE,,, beyond which traps can no longer main-
carriers establish space charge in the insulator bulk. Furthéain steady state with applied signal frequerfcynay be
carrier injection is inhibited by the presence of this injectedestimated frorf
space charge, giving rise tecV? square-law characteristics. ovnN
In practice, some free carriers are present in equilibrium so  E,~kgTIn “Z;hfc
that ohmic conduction dominates theV characteristics at ™
the smallest applied voltages. Also, because of nonidealitiewherekg is Boltzmann’s constant, is temperatureg, is the
such as bulk trapping of injected carriers and various postrap electron capture cross sectiog, is the electron thermal
sible bulk trap distributions, SCLC behavior is often found tovelocity, andN¢ is the conduction-band density of states.
be proportional to a power of the applied voltage greater than A decrease in the measured capacitance corresponds to
2, as observed in the transition region of the Ipglog(V) an increase in the effective distance across which ac charge
curve shown in Fig. 6 in whichoc V25, modulation occurs; the measurement signal frequency deter-
mines the critical energy depth of the traps that are able to
contribute to the capacitance. Thus, the essential point is to
recognize that a decrease in the measured capacitance can
Figure 7 presents capacitance—voltage-V) character- arise from a voltage-induced increase in the steady-state dc
istics at selected discrete measurement frequencies betwedapletion region width, or as a consequence of a change in
1 kHz and 10 MHz. Figure 8 shows the measuredthe measurement frequency due to the inability of traps to
capacitance—frequencyC(f) characteristics at reverse bi- follow the measurement signal.
ases from 0.4 to 2.0 V. Capacitance measurements shown With these ideas in mind, consider Fig. 8, which displays
here are for an Al-doped ZnO device, but are typical of cathe capacitance frequency dependence, with reverse voltage
pacitance measurements for both undoped and Al-dopeds a parameter. First, note that the frequency dependence is
ZnO devices. as strong or stronger than the voltage dependence. Thus,
The capacitance of a trap-free diode is expected to detraps play an important role in establishing the capacitance
crease with increasing reverse bias, due to an increase in theends shown in Fig. 8, as well as Fig. 7. Next, note that the
depletion region width, and to be independent of the meavoltage dependence is negligible abov&0 kHz, at a ca-
surement signal frequency. Thus, the voltage dependence phcitance of~30 nF/cnt. This corresponds to the expected
the 1 and 10 kHz curves shown in Fig. 7 is consistent withcapacitance of the fully depleteeZnO layer. Thus, for fre-
the expected trend, at least qualitatively. In contrast, the voltguencies above-50 kHz, theC—-V curves shown in Fig. 7
age independence of the 100 kHz, 1 MHz, and 10 MHzare voltage independent because ac charge modulation oc-
curves and the frequency dispersion of all of @eV curves  curs across the entiieZnO layer; traps withiri-ZnO are no
are not expected. These anomalous trends are attributed langer able to respond to the measurement signal frequency.
the presence of traps, as discussed in the following. Note that the reduction in capacitance with frequency for

; (€Y

C. Capacitance characteristics
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90 450 and 700 nm. This compares to an optical transmission in
1 the visible of 20% reported by Sato et al. for thpirNiO/
1 i-NiO/i-ZnOMh-ZnO p—i—n heterojunction diodeand 70%—

60 80% reported by Kudceet al. for their p-SrCy,0,/n-Zn0O
1 p—n heterojunction diod8.

30 // IV. CONCLUSIONS

/ All-oxide transparent n*-ITO/i-ZnOfp " -CuYO,:Ca
/ p—i—n heterojunction diodes are fabricated and character-
0 ' v ized. The diodes show rectifying current—voltage character-
300 400 500 600 700 800 istics, dominated in forward bias by the flow of space-
Wavelength (nm) charge-limited current in thd-ZnO layer. Energy-band
FIG. 9. Optical transmission spectrum of a CuyQa (300 nn)/ZnO:Al con;iderqtions indicate that band gap mi_smatCh_ SUppresses
(250 nm/ITO (200 nm p—i—n heterojunction diode with a total thickness the injection of holes from the-CuYO,:Ca into thei-ZnO,
of 0.75 um. so that the current—voltage characteristics differ from those
of a typical p—i—n homojunction diode. Capacitance mea-
surements show a strong frequency dispersion, attributed to
frequencies in excess f 100 kHz is attributed to the diode bulk traps in the-ZnO layer.
RC time constan{i.e., a diode resistance of 25 () and
capacitance of-2.5 nF result in a roll off of the measured ACKNOWLEDGMENTS
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