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High-energy electron irradiation in ZnO produces shallow donors at aboutEC 2 30 meV. Because
the production rate is much higher for Zn-face (0001) than O-faces0001 d irradiation, the donor is
identified as a Zn-sublattice defect, most likely the interstitial ZnI or a ZnI -related complex. The
donor energy is quite close to that of the unirradiated sample, and of other samples discussed i
literature, strongly suggesting that ZnI (and notVO) is the dominant native shallow donor in ZnO. An
exceptionally high displacement threshold energys,1.6 MeVd is quantitatively explained in terms of a
multiple-displacement model. [S0031-9007(99)08717-7]

PACS numbers: 71.55.Gs, 61.72.Ji, 72.20.Fr, 81.10.Bk
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ZnO is a common and widely used semiconductor m
terial, which crystallizes in the wurtzite phase and has
direct band gap of 3.437 eV at 2 K. Until now, the com
mercial applications, including piezoelectric transducer
varistors [1], phosphors, and transparent conducting film
have mainly involved polycrystalline material; however
recent successes in producing large-area single crystals
have opened up the possibility of a nearly lattice-matche
substrate for GaN, a blue and uv light emitter [3]. More
over, it has been found that ZnO itself is a very brigh
blue and uv light emitter, and optical uv lasing has alread
been demonstrated [4], even at 300 K [5]. With the resu
gence of interest in commercial applications, it is impor
tant to point out that many of the fundamental propertie
are poorly understood; e.g., no impurity or defect dono
or acceptors have been positively identified, say, in term
of energy. Because most ZnO material is stronglyn-type,
it has long been assumed that the dominant donor is a
tive defect, either the O vacancyVO, or the Zn interstitial
ZnI [6]. Kroger [7] assignedVO and VZn as the domi-
nant donor and acceptor species, respectively, but ashal-
low donor state forVO has never been proven to exist. In
fact,VO has been identified in electron paramagnetic res
nance (EPR) studies as adeep donor [8], although the
energy has not been measured. Correspondingly, Va
heusdenet al. [9] argued that, since the free carrier con
centrationn was much larger thanfVOg in their samples,
there had to be another source of donors, possibly ZnI .
Various other authors have postulated eitherVO or ZnI as
the dominant donor in their particular samples.

The expected hydrogenic donor energy is given b
ED  13.6mpy´

2
0  66 meV, since the polaron effective

mass ismp  0.318m0, and the relative static dielectric
constant is´0  8.12 [10]. Optically, at least by pho-
toluminescence (PL),ED is difficult to measure directly,
because most of the near-band-edge PL strength involv
exciton collapse, not free-to-bound transitions; indee
Reynoldset al. [11] see no free-to-bound transitions in
0031-9007y99y82(12)y2552(4)$15.00
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the ZnO used in the present study, but at least seven tra
sitions due to excitons bound to neutral donors. Fortu
nately, sometimes an exciton bound to a neutral don
will collapse and leave the donor in an excitedsn  2d
state, and, if the donor is hydrogenic, then the ground
state energy will be justs4y3d fEsn  1d 2 Esn  2dg.
Reynoldset al. [11] used this fact to get a donor bind-
ing energy of about 56–58 meV (close to the expecte
value) for three of the donors associated with the dono
bound-exciton lines mentioned above. Temperature d
pendent Hall (TDH) measurements were applied to th
same material [2], and energies of 31 and 61 meV we
found for two donors of concentration1 3 1016 and
1 3 1017 cm23, respectively. The larger of these TDH
donor energies is consistent with the hydrogenic mode
however, the shallower one is not. In an older work by
Wagner and Helbig [12], again a shallow level (38 meV
was measured. In fact, in the samples that we have e
amined, a shallow donor of energy 25–35 meV alway
dominates the low-temperature electrical data, althoug
various deeper donors are often evident at higher tempe
turessT . 300 Kd. Thus, we hypothesize that the donor
at approximatelyEC 2 30 meV is a native defect, and
support that claim below.

To create defects, we have used high-energy (1.0
2.0 MeV) electrons from a Van de Graaff accelerator. Th
sample stage was under vacuum and water cooled, a
typical current densities were10 20 mAycm2. The ZnO
samples, of approximate dimensions6 mm 3 6 mm 3

0.5 mm, were cut from 2-in.-diam. wafers, which were
themselves cut from a boule grown by a vapor-transpo
technique [2]. The crystals were of very high quality,
with peak mobilities of about2000 cm2yV s (see inset of
Fig. 1), and donor-bound-exciton PL linewidths as narrow
as 0.1 meV, at 2 K.

Most of the energy loss in high-energy electron
bombardment occurs from electron-electron, rather tha
electron-nucleus, collisions [13]. Suche-e collisions
© 1999 The American Physical Society
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FIG. 1. Carrier concentration vsT1 for an unirradiated ZnO
sample (squares) and one irradiated at 2.0 MeV to a fluence
1.2 3 1017 cm22 (circles). The inset shows mobility vsT for
the two cases.

limit the electron range to about 0.7 and 1.7 mm, for
and 2-MeV electrons, respectively. Most of the analys
here will concern 2-MeV electron irradiation, becaus
little damage is seen, either optically or electrically
for E , 1.6 MeV. At 2 MeV, the electrons will easily
penetrate the 0.5-mm samples. If a relativistic electron
energyE makes adirect hit on a nucleus, it will transfer
a maximum energyEm given by [13]

Em 
2EsE 1 2mec2d

Mc2


2.147 3 1029EsE 1 1.022 3 106d

A
, (1)

where me and M are the electron and ion masse
respectively,A is the atomic weight, and the energie
are in eV. The threshold energyEth necessary to
produce an atomic displacement is then just given by t
conditionEm  Ed , whereEd is the displacement energy
Since very little damage is seen forE , 1.6 MeV, the
implication is thatEth . 1.6 MeV, or Ed . 138 eV for
Zn sA  65.38d, or Ed . 563 eV for O sA  16d. These
values of Ed are much too high when compared with
those of As displacement in GaAs (10 eV) [14], N in Ga
(11 eV) [15], Si (13 eV) [16], and even C in diamond
(80 eV) [17]. However, as we shall show later,effective
values ofEd can be much higher if thestabledefects are
only those which involvemultiple atomic displacements,
along a chain of atoms.

Automated Hall-effect measurements were perform
after each irradiation and covered a temperature range
15–400 K. The contacts, In dots soldered to the corne
of the square samples, were Ohmic even at the low
temperatures. One sample was irradiated along the (00
direction (Zn-face up), and the other along thes0001 d
direction (O-face up). Six irradiations, each of fluence4 3

1016eycm2, were performed per sample and are designa
as follows: I0, no irradiation; I1, 1.0 MeV; I2, 1.3 MeV;
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I3, 1.6 MeV; I4, 2.0 MeV; I5, 2.0 MeV; and I6, 2.0 MeV.
The TDH data for I0 and I6, O face, are shown in Fig. 1 a
squares and circles, respectively. (Note thatn in this figure
is already corrected for the Hallr factor; i.e.,n  rnH 
ryeR, whereR is the measured Hall coefficient.) The solid
lines are accurate theoretical fits, calculated according
the following scheme [2]. First, the Hall mobilitymH vsT
is fitted by solving the Boltzmann transport equation, usin
Rode’s method [10], at each temperature; in this initia
fit, n is approximated bynH . The only fitting parameter
is the acceptor concentrationNA, since the ionized-defect
scattering rate varies as2NA 1 n in an n-type sample,
assuming singly ionized defects or impurities; all of the
other scattering parameters are taken from the literatu
[2]. From this fit, a set ofr factors can be calculated, and
then the truen  rnH can be used to determine a better
value of NA (r varies from 1.2–1.6 as a function ofT ).
Finally, the charge-balance equation is solved:

n 1 NA 
X

i

NDi

1 1 nyfi
, (2)

where f  sg0yg1d expsaykdN 0
CT3y2 exps2ED0ykTd.

Here, g0 and g1 are the degeneracies of the unoccupie
and occupied states, respectively,k is Boltzmann’s
constant,N 0

C is the effective density of conduction-band
states atT  1 K, and ED0 and a are defined by the
donor energyED  ED0 2 aT . In Fig. 1, we have
used a single-donor model to fit just the data betwee
about 80 and 300 K; below 80 K, impurity-band (or
defect-band) effects cause the curves to bend upwar
and, above 300 K, deeper donors become importan
The fitting parameters given by the solid lines in Fig. 1
are the following: I0:NA  0.25 3 1016, ND  8.6 3

1016 cm23, and ED0  34 meV; I6: NA  15.9 3 1016,
ND  16.2 3 1016 cm23, and ED0  27 meV. Note
that a lower value ofED0 would be expected for the I6
case, because of increased screening effects due to
higher ND; i.e., ED  EDsND  0d 2 bN

1y3
D , whereb

is usually between 2 and3 3 1025 meV cm for various
semiconductor materials.

Although NA has increased greatly by the end of
the irradiation sequence, still the same shallow level i
dominant, at least belowT  250 K. Since n ø f in
the high-T region, Eq. (2) givesn  ND 2 NA, and,
since NA ¿ n, ND and NA are almost equal and are
being produced at nearly the same rate. In Fig. 2, w
show nH (300 K) and mH (80 K) for both the O-face
and Zn-face samples, noting thatnH s300 Kd > ND 2

NA and mH s80 Kd ~ N21
A . Clearly, the threshold for

NA production is between 1.6 and 2.0 MeV, and the
production is much higher for Zn-face irradiation. In
this direction (Zn-face up), Zn displacement is “easy”
because the Zn atoms are knocked into an interstiti
region; however, in the other direction (O-face up), the Zn
atoms have a short-bonded O atom directly beneath the
so that Zn displacement becomes more difficult [14]
2553
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FIG. 2. Hall concentration at 300 K and mobility at 80 K as
function of irradiation schedule for two ZnO samples, one wi
the Zn-face up, and the other with the O-face up. The fluen
for each irradiation was4 3 1016 cm22.

The opposite conclusions hold for O atoms, of cours
Thus, the data of Fig. 2 suggest that Zn displacemen
dominant, and the simplest explanation is that ZnI (or
a ZnI complex) is the donor being produced, andVZn
(or a VZn complex), the acceptor. Although no defec
theory in ZnO has been carried out, to our knowledg
still, in analogy with theoretical results in ZnSe [18], w
might expect ZnI to haves0y1d ands1y11d states near
the conduction band minimum. Our analysis has be
based on single-charge-state donors and acceptors, w
would hold if the 30-meV energy corresponds tos0y1d;
however, the analysis could be easily revised to inclu
double-charge-state defects and the main conclusi
would not change.

The conclusion that ZnI is the dominant donor in our
as-grown ZnO is based on the identification of a Z
sublattice donor which happens to have the same ene
as that of the dominant donor in the as-grown samp
However, there should also be O-sublattice defects crea
at 2 MeV, as found by Smith and Vehse [19], usin
EPR experiments. Moreover, Locker and Meese [1
have found a threshold for carrier removal at 0.31 Me
but it appears only after first irradiating their sample
.0.90 MeV. They argue that the 0.31 MeV threshol
is due to O displacement, and that the one at 0.90 M
is due to Zn displacement. However, ifVO is a deep
donor, as found by the EPR experiments [8], then
cannot remove carriers inn-type material; in fact, it
should not be seen by electrical measurements at a
EF is near the conduction band. We believe, rathe
that the carrier removal may occur by thedestruction
of the hydrogenics,60 meVd donors. Consistent with
this scenario, the I0 data for both of our samples a
best fitted at high temperatures with a second donor,
roughly hydrogenic energy, but this level is barely evide
after the I6 irradiation, as seen in Fig. 1. Two-dono
fits to the I0–I6 data sets show a systematic removal
2554
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the hydrogenic donor, which is largely responsible f
the negative slope ofn (300 K) seen in Fig. 2. One
possible model for the hydrogenic-donor destruction is
replacement reaction, often observed in Si [20]. That
a host interstitial (in this case OI ), displaced during the
irradiation, migrates to a substitutional donor (say, ClO)
and replaces it, thus destroying a donor. TheVO left
behind, being deeper, does not contribute ton (300 K).
It also might be conjectured that OI could be an acceptor
(as, e.g., isNI in GaN) [15]; however, then we should
see a strong decrease inm (80 K) and, in fact, very little
decrease is seen untilE . 1.6 MeV. Thus, we believe
that our data cannot be explained by O-sublattice dama

It is still necessary to explain why the apparent di
placement energyEd is so large. That is, from Fig. 2, we
see that the threshold energyEth for significant electrical
changes is,1.6 MeV, and we have assigned the dono
and acceptors being produced above this energy toI
and VZn, respectively. If the ZnI results from a simple
displacement, then, from Eq. (1),Ed > 138 198 eV,
which is much too high. In fact, Van Vechten has ca
culatedEdsZnd > 18.5 eV andEdsOd > 41.4 eV from a
thermodynamic model [21], and Locker and Meese ha
estimatedEdsZnd  EdsOd > 57 eV from their experi-
ments [17]. We believe that the resolution to this proble
lies in the idea of multiple displacements along a chain
atoms. That is, supposeEdsZnd  18.5 eV and suppose
the electron energy is just high enough to displace a
atom; then, from Eq. (1), we calculateEth  0.4 MeV.
However, the ZnI will be positively charged, and theVZn
negatively charged, and they will probably recombine im
mediately. On the other hand, ifE is higher, then the col-
lision may give the Zn atom enough kinetic energy (KE
to knock out the O atom directly below it. For nonrela
tivistic particles, the maximum energy that a particle
massM1 and energyE can transfer to a particle of mas
M2 is

Tm 
4M1M2

sM1 1 M2d2 E ; RE . (3)

If TmsOd . EdsOd, then the O atom will be displaced an
will itself have KEsOd  TmsOd 2 EdsOd. This process
can go on; i.e., ifRKEsOd . EdsZnd, then the O can
knock out the Zn below it, etc. At some point, the la
ZnI knocked out will be far enough from the parentVZn
to avoid immediate recombination. Letm be the total
number of atoms displaced; e.g.,m  3 would denote Zn-
O-Zn, andm  5, Zn-O-Zn-O-Zn. Then it can be shown
that the effective threshold energy, form odd andm . 1,
is given by

Ed,effsZnd  EdsZnd 1
EdsOd

R
1

EdsZnd
R2 1

EdsOd
R3

1 · · · 1
EdsZnd
Rm21 . (4)

This expression can also be written in closed form, b
sincem is usually small, Eq. (4) is more illustrative. Ifm
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b-
is even (e.g.,m  6; Zn-O-Zn-O-Zn-O), then the formula
becomes

Ed,effsZnd  EdsZnd 1
EdsOd

R
1

EdsZnd
R2 1

EdsOd
R3

1 · · · 1
EdsOd
Rm21 . (5)

If the O atoms are hit by the electrons, then we simp
interchange “Zn” and “O” in Eqs. (4) and (5). For ZnO
Eq. (3) givesR  0.6318. Thus, using Van Vechten’s
value of EdsZnd and EdsOd, and m  3, we calculate
Ed,effsZnd  130 eV. According to Eq. (1), the electron
energy required to transfer 130 eV to a Zn atom wou
be about 1.55 MeV, in good agreement with the data
Fig. 2. It is also interesting to note that if O atoms ar
hit by the electrons, then, form  2 (O-Zn), Ed,effsOd 
71 eV, andEth  0.38 MeV, and, for m  4 (O-Zn-O-
Zn), Ed,effsOd  248 eV, and Eth  0.94 MeV. These
values are in satisfactory agreement with the thresho
observed by Locker and Meese [17]. We, of course,
not know the accuracy of the values ofEdsZnd andEdsOd
calculated by Van Vechten, but it is interesting that, whe
used with the multiple-displacement model, they can w
explain both our data and the data of Locker and Mees

Note that some interesting complexes can be genera
from these multiple displacements. For example, the Z
O-Zn process could lead toVZn-ZnO-OZn-ZnI , with the
ZnI possibly drifting away. Theoretical analysis of th
stabilities and electronic energies of the various possib
complexes would be quite helpful in making assignmen

Photoluminescence measurements on irradiated Z
samples show changes in the relative intensities of t
donor-bound-exciton lines, but no new ones. The
changes can possibly be correlated with the chang
observed in the 60-meV TDH donor, but there is no cle
correlation with the 30-meV TDH donor. The detailed P
results will be published elsewhere [22].

In summary, we have shown that electron irradiation
energyE . 1.6 MeV creates significant concentrations o
donors and acceptors in ZnO while lower energies cau
little electrical damage. Because the defect producti
rate is much higher for (0001) Zn-face irradiation tha
for O-face irradiation, we assign the donor to ZnI and the
acceptor toVZn, or their complexes. The threshold energ
of 1.6 MeV cannot be explained by simple ZnI -VZn
(Frenkel pair) production, but is in good agreement with
multiple-displacement model (Zn-O-Zn) in which existin
theoretical estimates [21] of the primary displaceme
energies of Zn and O are used as input parameters. T
model also can explain the thresholds observed in ear
ZnO electron-irradiation experiments and should be use
for other semiconductor systems as well. The ZnI donor
has an energy of about30 6 5 meV, the same as that
observed in our as-grown material and in that of othe
ly
,

ld
of
e

lds
do

n
ell
e.
ted
n-

e
le

ts.
nO
he
se
es

ar
L

of
f
se

on
n

y

a
g
nt
his

lier
ful

rs;

thus, ZnI (and notVO) is the dominant residual native
shallow donor in ZnO.
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