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Electrical isolation of ZnO by ion bombardment
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The evolution of sheet resistance obitype single-crystal wurtzite ZnO epilayers exposed to
bombardment with MeVtH, “Li, 10, and?®Si ions at room temperature is studiadsitu. We
demonstrate that sheet resistance of ZnO can be increased by about 7 orders of magnitude as a result
of ion irradiation. Due to extremely efficient dynamic annealing in ZnO, the ion doses needed for
isolation of this material are about 2 orders of magnitude larger than corresponding doses in the case
of another wide-bandgap semiconductor, GaN. Results also show that the ion doses necessary for
electrical isolation close-to-inversely depend on the number of ion-beam-generated atomic
displacements. However, in all the cases studied, defect-induced electrical isolation of ZnO is
unstable to rapid thermal annealing at temperatures ab®@® °C. © 2002 American Institute of
Physics. [DOI: 10.1063/1.1518560

Recently, research on ZnO has received significant interthe trapping of carriers at deep centers associated with
est due to important potential applications of this material inirradiation-produced damagelefect isolatioh or with im-
the fabrication of short-wavelength optoelectronic devices aplanted speciegchemical isolatioh is the mechanism re-
well as devices for high-temperature/high-powersponsible for electrical isolation of semiconductbrs.
electronics: Practical advantages of ZnO over another wide- Although electrical properties of single-crystal ZnO
band-gap semiconductor—GaN, which currently dominateombarded with electrons or light ions have previously been
the market of short-wavelength optoelectronics—include atydied®” we are not aware of any reports demonstrating
bulk growth capability, amenability to conventional chemicaltnat znO can be rendered highly resistive, as required for
wet etching, and convenient cleavage plaﬁEﬂrther main  glectrical isolation. In this letter, we demonstrate irradiation-
advantages of ZnO as a light emitter @fea direct band gap  jhqyced formation of highly resistive layers irtype single-
which can be tuned from 2.8 to 4 eV by alloying ZnO with .44 7n0 epilayers grown on sapphire substrates. For iso-
CdO and_ Mgo_’(”) a large excitonic blndlng. en_erggﬁo lation, we have used MeV light ions whose projected ranges
rT?_eV)’ which will be useful for U.V laser a_pphcanons, and are considerably greater than the thickness of the ZnO epil-
(iii) low power thresholds for optical pumping at room tem- ayers studied. In this case, the profiles of ion-generated

perature(RT). For electronic applications, additional attrac- . i .

. S . . atomic displacements are essentially uniform throughout the
tiveness of ZnO lies in having a high breakdown Strengthconductive Zn0 film. A single MeV implant. hence. is suff
and a high saturation velocity. ‘ 9 plant, '

Such excellent fundamental material properties as WeIFi_en,t to i§olate a'relatively thick ZnO film. Moreover, irra-
as recent significant success in the growth of high-qualinfiation with MeViions has allowed us to separate the effects
single crystals make ZnO an ideal candidate (fzptojelec- of defe_ct isolation from_chemlcal |s_olat|on angl to avoid the
tronic device applicationsHowever, in addition to desired formation of a layer with substantial defect-inducgtop-
fundamental properties, the fabrication of ZnO-based?in9 cono_luctl.on, which |neV|tany_ forms at the ion end-of-
(optojelectronic devices obviously requires development of ga@nge region in the case of keV implants and usually com-
device processing technology. Indeed, at present, there apRdicates the interpretation of datalVe have also investigated
significant challenges for processing ZnO including electri-thermal stability of electrical isolation in ZnO.
cal doping, metallization, and electrical isolation. lon im-  Then-type single-crystal wurtzite ZnO epilayers used in
plantation, an attractive device processing tool, can be usedis study were-0.6 um thick, epitaxially grown ora-plane
for selective-area doping and electrical isolation. In the lattesapphire substrates by molecular beam epitaxy at OIT. A
case, ion irradiation can render the material highly resistivdurther description of growth conditions can be found
under appropriate conditiorislt is generally believed that elsewheré. As-grown epilayers had a RT free electron con-
irradiation-induced degradation of carrier mobility as well ascentration of~10'" cm™2, an effective Hall mobility of~80

cm?V1s7! and a sheet resistance ofl k)/sq. Resistors
Apresent address: Lawrence Livermore National Laboratory, Livermore®f ~3-5X 3.5 mnf in size were prepared with InGa eutectic
CA 94550; electronic mail: kucheyevi@linl.gov ohmic contacts on two opposite sides of each sample.
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TABLE I. Implant conditions used in this study. Calculated values of projected ion raRyesd the average
number of lattice vacancies produced by one ibij,0 within the 0.6um-thick ZnO epilayer are also given.

Energy Doses Beam flux Implantation R,
lon (MeV) (102 cm™2) (10" em2s7Y) temperaturg°C) (um) Nyac
H 0.6 1.0-78000 0.04-2 20 4.58 0.3
Li 0.7 0.5-1200 1.9 20 1.63 19.5
%0 2.0 0.5-1000 1.9 20 1.87 105.1
2g;j 35 0.3-1000 1.0 20 1.79 251.0

These ZnO resistors were bombarded in an ANU 1.7the situation for other semiconductdr¥)**the ion dose de-
MV tandem acceleratofNEC, 5SDH-4 under ion irradia- pendence oRg, for each particular ion, has three distinct
tion conditions given in Table I. lon energies were chosen taegions: (i) a low dose region wherdr, increases only
place the damage peak deep into the sapphire substrate, Bgightly with increasing ion doséiji) a relatively narrow in-
yond the ZnO layer, as clearly seen from a comparison ofermediate dose region characterized by a very rapid increase
projected ion rangegcalculated with therriM codé€) also  in R, (by ~7 orders of magnitudeandiiii) the third region
given in Table I. During ion bombardment, samples werefor |arge doses wher®, reaches its maximum value, re-
tilted by ~7° off the surface normal direction to minimize majning approximately constant with further increasing ion
channeling. Sheet resistand®] was measureth situ after  jose. In all the samples studiéekcept for the case of H ion
each dose step using a Keithley 619 electrometer. Postimgsagiation when even larger ion doses are needed for com-
diation |sochronal annealing was carried out in a rapid therblete isolation, the values ofR, reach the maximum after
mal anneahng(R:TA) system for 60 s at temperatures from g, o characteristic dosghe so called threshold isolation
100 up to 1000 °C in an Ar ambient at atmospheric pressuredose}o,nq)th)_ The levels oR, at the plateaus shown in Fig.

Figure Xa) shows the evolution oRg of ZnO resistors 1(a) for doses aboveb,, are ~4x 101° 0/sq. However, it

irradiated with 0.6 MeV H, 0.7 MeV Li, 2 MeV O, and 3.5 .
MeV Si ions at RT. It is seen from Fig.(d) that, similar to should be noted that the real maximum valueRgican be

even larger because tiig values measured have a contribu-
tion from the parasitic resistances of the experimental setup,

_ E+06 MV 'H (a)’ which are of the same order of magnitude.

3 10 F_.__ 0.7 MeV 'Li ; _ Flgurg Xa) also shows that the !solgtlon cgrve_s progres-
& 3 6 3 sively shift toward lower doses with increasing ion mass.
o s r—A— 2.0 MeV 280 3 Such a shift is caused by an increase in the number of ion-
2 10" f—*—3.5 MeV “Si 1 beam-generated atomic displacements with increasing ion
8 F Y mass, as can be seen from the last column of Table | calcu-
2 10% i lated with theTRiM codé€ with a threshold displacement en-
f E ] ergy of 57 eV for both Zn and O sublattices, based on data
8 10° r 1 from Ref. 3. This ion mass effect is better illustrated in Fig.
73 1(b), showing the average number of lattice vacancies pro-

Vacancies/Ion
oy
O—-

d q)th
A (0.1 MQ/sq)

100

FIG. 1. (a) Dose dependence of sheet resistance of ZnO epilayers bo
barded with different ions as indicatésee Table | for the details of implant

10“' 1“6”' - 10"

Dose (cm ™)

10;7

duced by different ions within ZnO epilayefsee Table )l
versus both®,, and doses required to produceRa of 0.1
MQ/sq [indicated asP(0.1 MQ/sq)]. Straight line fits with
slopes of—1.14+0.10 and—1.02+0.02 represent the best
fits to ®,, and ®(0.1 MQ/sg dependencies, respectively.
Thus, results from Fig.(b) indicate that the efficiency of the
carrier removal process close-to-inversely depends on the
number of ion-beam-generated atomic displaceménts.

It is interesting to make a comparison of results of the
present study with isolation data for another wide-bandgap
semiconductor, GaN, studied in detail previougbee, for
example, Refs. 10 and L1First of all, a comparison of Fig.

1 with previous isolation dat&'! shows that the ion doses
(and, hence, the number of ion-beam-generated atomic dis-
placementsneeded to isolate ZnO are2 orders of magni-
tude larger than isolation doses in the case of GaN. This is a

Mdirect consequence of extremely efficient dynamic annealing

conditions; (b) average number of ion-beam-generated lattice vacancie®f ion-beam-generated point defects in Z(@., migration

within the 0.6um-thick ZnO epilayer is plotted vs threshold ion dodeg
and dosesb(0.1 MQ/sq) required to produce a sheet resistance of 0/M
sg, as indicated. Also shown i) are straight lines with slopes of1.14
+0.10 and—1.02+0.02 which represent the best fits dg;, and (0.1

M{Q/sg) dependencies, respectively.

and interaction of defectsuring ion irradiatior), as studied

in a number of previous reports~"1*~®Due to a large
mobility of Frenkel pairs in ZnO, most of ion-beam-
generated point defects experience annihilation, and only a
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10" . . : : i derstand the influence of implant parameters on the thermal
d —a—H(7 8x10'%) 1 stability of electrical isolation in ZnO.
10 o8 o N In conclusion, we have demonstrated that sheet resis-
10 ] \ —+—Li(1.2x107) 1 tance of ZnO epilayers can be increased by orders of
3 . —e—0 (1.0><10]5) 1 magnitude as a result of irradiation with MeV light ions.
10%F \‘ . 5. 4 Results have shown that the ion doses necessary for electri-
——a N\ T Si(1.0x107) cal isolation inversely depend on the number of lattice dis-

. 3
of — v — unimplanted placements produced by the ion beam. However, such

Sheet Resistance (/sq)

10 4 E defect-induced electrical isolation of ZnO is thermally stable
4{ 3 only for temperatures up te-300 °C, andRg can be com-
107 ¥ 1 pletely recovered to its original value by annealing at

v v v v v v St , ~650 °C. Additional studies on possible chemical isolation

10° : L . L . ' " j ] would be highly desirable in order to improve the thermal

0 200 400 600 800 stability of electrical isolation in ZnO, essential for high-
Annealing Temperature (°C) temperature/high-power electronic devices.
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