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Strongly p-type ZnO is produced by the following sequence of stépsevaporation of ZgAs, on

a fused-quartz substrate at 350 °C; g8y sputtering of ZnO with substrate held at 450 °C. The
electrical characteristics include: resistivity of @4cm, a mobility of 4 cd/V's, and a hole
concentration of about > 10'8 cm™3. This resistivity is among the be@bwes ever reported for

p-type ZnO. Secondary-ion mass spectroscopic analysis gives an average As concentration about
5x 10 cm 3, and a simple one-band fit of the temperature-dependent mobility curve yields an
acceptor concentration of about<d0'® cm3. This is strong evidence that thetype dopant
involves As, although it is not clear whether the acceptor is simply dsthe recently suggested
Asz,—2Vz,. © 2004 American Institute of PhysidOl: 10.1063/1.1825615

Crystalline ZnO has been studied for more than  Growth was accomplished by first evaporating a layer of
50 years- > and bulk or epitaxial samples ranging from Zn;As, on a glass substrate at 350 °C, then sputtering ZnO
highly conducting to semi-insulating are now commerciallyon top of the ZgAs, at 450 °C. Secondary-ion mass spec-
available*® However, the conduction properties are not eastroscopic (SIMS) data for layer 12 503 are presented in
ily controlled, and virtually all “undoped” ZnO materials are Fig. 1. The As concentration is accurately determined by
n-type, evidently due to background donor impurities such agsomparison with an ion-implanted standard, while the Zn
Al and H, and native defects such as the zn interstitfal.  and O concentrations are simply normalized at the surface to
Indeed, the production gi-type ZnO has proven to be very their atomic values of about>4 10?2 cm3. An important ob-
difficult, and has hindered the development of ZnO-basedervation from the Zn and O profiles is that they are quite flat
blue/UV p—n junction light-emitting diode§LEDs) and la- over most of the sample, which strongly suggests that the
ser diodegLDs). In the last few years, research prtype  layer is basically ZnO. Further evidence comes from x-ray
ZnO has proceeded at a more rapid pHcé.in spite of the ~ rocking curvegnot shown, which show a dominant002)
fact that GaN-based blue LEDs and LDs have already beednO reflection.
developed and have found many applications. The reason is Note in Fig. 1 that the As signal is very strong in the
that ZnO has some fundamental advantages over GaN asb&ttom 0.1um of the layer, and then quickly reduces to the
room-temperature emitter, including a more stable excitonmid-10"° cm™3 range. We interpret the lower part of the
the availability of large-area substrates, the amenability t65IMS As profile as possibly representing some remaining
wet chemical etching, a high radiation resistance, and relaZnsAs;, or some As metal, if all of the Zn has reacted to
tively low materials coste. form ZnO. Experiments were performed to test the possible

A perusal of the periodic table suggests that possiblélectrical activity of this As-dominated layer, especially since
acceptor candidates for ZnO include Group | elements Li,

Na, K, Cu, Ag, and Au, substituting for Zn, and Group V 102

elements N, P, As, and Sb, substituting for O. Although most

of these elements have been tested as dopants, only N, P, and “; 10%

As, have produced low-resistivity<100 Q) cm), p-type ma- ic’r ”

terial, to our knowledge. Several groups have found success s 10

with N doping0-1113:14.16.18-20.22-25.28. g s not surpris- g 5

ing since the ionic radius of N is about that of O, so that N 8 10

should be quite soluble asgNOnN the other hand, there are 8 10

only a few reports ofp-type ZnO from ph2730 or AgH2:26

doping, and almost no reports involving any of the other 108

possible dopants. In this letter, we discuss an evaporation/ 0 100 200 300 400 500 600 700
sputtering method of creating As-dopgattype ZnO. This Depth (nm)

technique has producquitype samples with resistivities as

low as 0.1Q) cm, lower than any others reported so far. FIG. 1. SIMS measurements of O, Zn, and As in As-dopéyipe ZnO. The

As concentration is determined from an ion-implanted standard, while the O
and Zn concentrations are normalized at the surface to roughly their atomic
¥Electronic mail: david.look@wpafb.af.mil concentrations of & 10?2 cm™3.
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FIG. 2. PL(at 4 K) in two As-dopedp-type ZnO samples. The dashed line FIG. 3. Hole mobility and concentration in As-doppdype ZnO. The solid

is from a clear region while the solid line represents a darker region, evilurve is a theoretical fit of the mobility assuming a single hole band repre-

dently more heavily doped. sented by effective masm*=0.64m, and a fitting parameteN,=8
X 10 e 3,

both pure ZgAs, and As metal are known to hetype, in  attempted to fit the mobility with a single-band scattering
single-crystalline form. In one such test, the sputtered ZnGnodel based on a hole mass of 0.6%his mass is derived
was constrained to only partially overlap the evaporatedrom the assumption thatdNis a hydrogenic acceptor with a
ZnzAs,, so that three different region&nO, ZnsAs,, and  transition energyE,,=133 meV at low acceptor concentra-
ZnO/ZnsAs,) could be examined separately, after the an-tions. The latter value is estimated frorgt) Hall data®
nealing step was completed. The pure ZnO region turned owvhich give E5~90 meV atN, ~[N]~10* cm™3; and (2)
to ben-type, as expected, while the ZnO /A, wasp-type, the screening formula, EA=EAO—,8NA1’3, with B~2
and the ZgAs,, semi-insulating. Thus, it is doubtful that the X 107> meV cm. The mobility fit is surprisingly good, with a
ZnzAs, could account for thep-type conductivity, in this fitting parameter & 10'° cm™ for the donor concentration
case. Another possibility is that the layer under the ZnONp. The acceptor concentratiad, would then have to be
after all of the processing, is As metal. However, the resisabout 9x 10'° cm ™3, since the hole concentration at high
tivity of a metal is known tancreasewith temperature, and temperature is in the #cm range. In view of the rather
that of our sample decreases. Thus, we believe that the lowsevere approximations involved in the scattering model, it is
As-rich layer, whether ZgAs, or metallic As, is not respon- seen thal, is quite consistent with the As concentration of
sible for thep-type activity in our material. The rest of the As about 5x 10'°. It is doubtful that the agreement would be
profile is reasonably flat at the mid-fam?® level, which  this good if the measured layer did not basically consist of
suggests that the main part of the ZnO layer is doped with A&\s-doped ZnO, as claimed in this work.
by a gas-phase reaction, rather than a diffusion process. Thus, the SIMS, x-ray diffraction, PL, arittdependent
However, these issues require further study. Hall-effect measurements all indicate that the evaporation/
As seen in Fig. 2, 4 K photoluminescen¢eL) data  sputtering method discussed here produces low-resistivity,
show a broad peak in the 3.36 eV region, which is wellAs-doped,p-type ZnO. However, the microscopic structure
known as the region of donor-bound excitddX) lines in  of the As-related acceptor is not clear at this point. The sim-
ZnO. This is further strong evidence that the layer is basiplest structure would be 4s but density-functional theory
cally ZnO, and not some undefined mixture of Zn, O, and Assuggests that the large ionic radius of As would preclude a
The two PL lines in Fig. 2 are from adjacent areas near thdigh solubility for Ag, and also that the consequent strain
edge of the overlapping ZnO and #&s, regions, mentioned relaxation would lead to a deep, not shallow, accepton-
earlier. The dotted line represents a cl¢aut still p-type)  other possibility, recently presented, is that the structure is
area close to the pui@onoverlappingZnO region, and the much more complex, namely, As2V,, in which the As
solid line, a darker area just inside the overlappingsubstitutes on the Zn site, forming a donor, but that it then
ZnO/ZmAs, region. The darker area is presumably moreinduces two Zn-vacancy acceptSPsThe total defect is then
heavily doped with As, and indeed has a strongdaype  acceptor-like, with &0/-) transition at 0.15 eV above the
conductivity. Previous PL studies in N-doped and P-dopedralence band. This energy is consistent with our results, but
p-type ZnO have shown that thB°X spectrum moves to more rigorous confirmation would require analysis of Hall-
lower energies in these materials, enhancing the region of theffect measurements in a nondegenerate sample. The As
well-known 3.357 eV feature, and that a new line appears iR2V5, defect also presumably has a significantly lower for-
the 3.31 eV region®?"*? Although the identities of these mation energy than that of As thus predicting a much
lines are still controversial, there is some evidence that eachigher solubility. At this stage, we cannot positively identify
results from acceptor-bound excitos Whatever its iden-  either of these structures in our material.
tity, the 3.31 eV line has been found to be associated particu- In summary, we have used an evaporation/sputtering
larly with p-type ZnO, which strengthens the conclusions ofmethod to produce As-dopeg;type ZnO. Structural, opti-
the present work. cal, and electrical properties are all consistent with this con-
The temperature-dependent carrier concentrgticand  clusion, and the resistivity, an important figure of merit, is
mobility w, are displayed in Fig. 3. Since the holes are nei-among the lowest ever reported fpitype ZnO. The domi-
ther fully degenerate nor fully nondegenerate, the curves areant acceptor is related to As, but its microscopic structure is
not easily amenable to quantitative fitting. However, we havenot yet established.
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