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We used depth-resolved cathodoluminescence spectroscopy (DRCLS) to describe the strong

dependence of Li acceptor formation on thermal treatment in Li-doped ZnO. Within a 500-600 �C
annealing temperature range, subsequent quenching ZnO leaves Li as interstitial donors, resulting

in low room temperature resistivity, while slow cooling in air allows these interstitials to fill Zn

vacancies forming Li acceptors 3.0 eV below the conduction band edge. DRCLS reveals an inverse

relationship between the optical emission densities of lithium on zinc sites versus zinc vacancy

sites, demonstrating the time dependence of Li interstitials to combine with zinc vacancies in order

to form substitutional Li acceptors. VC 2012 American Institute of Physics. [doi:10.1063/1.3679708]

The wide band gap semiconductor ZnO is a leading can-

didate for next generation opto- and microelectronics due to

its high exciton binding energy, thermochemical stability,

environmental compatibility, and potential applications for

light emitting devices and photovoltaics.1,2 However, the

ability to controllably dope ZnO p-type remains a fundamen-

tal, unresolved challenge. Efforts include attempts to control

the amphoteric electrical behavior of Li in ZnO.3,4 Li is unin-

tentionally incorporated in hydrothermal (HT)-ZnO during

synthesis or intentionally added during growth or implanted

afterwards. Calculations suggest Li interstitials (Lii) are

donors but shallow acceptors on zinc sites (LiZn).3–6 How-

ever, HT-ZnO wafers and Li-doped ZnO are usually highly

resistive due to self-compensation and the low energy barrier

for Li to switch between interstitial and substitutional sites.3,4

Previously it has been shown that Li concentration and

electrical properties can be manipulated by vacancy cluster get-

tering or high temperature treatments.3,7 Combined depth-

resolved cathodoluminescence spectroscopy (DRCLS), positron

annihilation spectroscopy (PAS), and surface photovoltage

spectroscopy (SPS) of Li-implanted HT-ZnO have correlated

the commonly observed 1.9-2.1 eV “red” and 2.3-2.5 eV

“green” luminescence with zinc vacancy (VZn) and vacancy

clusters and oxygen vacancy (VO)-related defects, respec-

tively.8 Secondary ion mass spectrometry (SIMS) and deep

level transient spectroscopy (DLTS) suggest that Li atoms in

HT-ZnO act almost exclusively as substitutional acceptors

(LiZn) that compensate donors for Fermi levels above mid-gap.9

However, resistivities are strongly dependent on annealing, and

the energy level position of LiZn acceptors and Li configura-

tions under different treatment are still undetermined. Here, we

show that Li configuration can be monitored by DRCLS and

controlled following 500-600 �C annealing by cooling rate to

obtain either LiZn or Lii configurations in Li doped ZnO.

We studied both Li-doped melt-grown (MG)-ZnO from

Cermet Inc. and HT-ZnO from SPC Goodwill with different

temperature anneals and cooling rates. The as-grown MG-

ZnO had very low Li background concentration, 1015–1016

Li atoms per cm3, n-type, and low resistivity (�1.2 X cm).

They were annealed 10 min in 5% Li2O and ZnO powder at

various temperatures from 500 �C to 600 �C, with some

quenched in DI water and the others slow-cooled in air. All

as-grown HT-ZnO were unintentionally doped with

1–5� 1017 Li atoms per cm3 with some annealed in 10%

Li2O and ZnO powder for 1 h then either: (i) quenched in DI

H2O or (ii) annealed in air at 600 �C for an additional 10 min

with slow cooling in air. Both annealing processes avoid any

Zn interstitial formation that could occur under Zn-rich

atmosphere annealing.10 DRCLS measurements were

obtained on ZnO(000-1) faces at 80 K in ultrahigh vacuum

using the method described in Refs. 11 and 12. Monte Carlo

simulation13 provides depth distributions of the electron-hole

pairs generated by the incident electron beam versus the

beam energy (EB). For incident energy EB¼ 1, 2, 3, 4, and 5

keV, electron-hole pair excitation peaks at U0¼ 7, 18, 32,

50, and 72 nm, respectively.

Figure 1 shows DRCLS spectra of MG-ZnO samples af-

ter 500 �C anneal and different cooling methods. Emission

intensities due to VZn- and VO-related native defects in as-

grown MG-ZnO are orders-of-magnitude lower than the dom-

inant near band edge (NBE) 3.39 eV peak. Figure 1(a) shows

that, after annealing in Li2O and ZnO powder and quenching,

MG-ZnO emission at 2.07 eV associated with VZn clusters

increases by nearly three orders of magnitude.8 The annealed

and slow-cooled MG-ZnO also displays this deep level defect

increase but, in contrast, it clearly shows an additional feature

at 3.0 eV. Figure 1(a) illustrates the uniformity of this differ-

ence at all depths and Figure 1(b) compares this contrast for

EB¼ 5 keV. Furthermore, the 2.07 eV feature is lower in the

slow-cooled MG-ZnO. Four-point probe measurement

showed that the quenched sample had low resistivity, 0.94 X
cm, while the slow-cooled MG-ZnO was semi-insulating.

As reported by recent theory calculations and

experiments,14–18 the concentration of intrinsic defectsa)Electronic mail: zhang.720@osu.edu.
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depends strongly on the Fermi-level position (EF), and in our

samples EF is in the upper half of the bandgap, typically less

than 0.3 eV below EC. The formation energy of zinc intersti-

tial (Zni) is so high that the concentration of Zni is orders of

magnitude smaller than VZn in our samples14 and Zni can be

ignored. Also the formation energy of interstitial oxygen (Oi)

is substantially higher than that of VZn in our samples14 and

so Oi can be ignored. VO can exist in our samples with sig-

nificant concentration, but here we have the identification of

VO with the 2.5 eV CL-peak8 and previous literature.19 Fur-

thermore, VO is a double donor center with its energy level

located about 0.6-0.8 eV below EC.8,14–18 Therefore, VO has

nothing directly to do with the 3.0 eV CL peak. This indi-

cates that Li diffuses into the MG-ZnO during the 500 �C
anneal, and acts as an ionized interstitial Li donor at room

temperature. This is consistent with theory of low activation

energy for Li diffusion.20 For the quenched MG-ZnO, the in-

terstitial Li has insufficient time to diffuse to substitutional

sites, remaining as a donor during this fast (�1 s) cooling

process and accounting for the low four-point probe resistiv-

ity. During the slow cooling process in air (�1.5 6 0.5 min),

however, the Lii donor has time to diffuse and fill in VZn

sites and become substitutional LiZn, increasing resistivity by

compensating Lii and other intrinsic (VO)15 and extrinsic

donors.21–23

Scanning spreading resistivity measurement (SSRM) pro-

files of Li-doped MG-ZnO in Figure 2(a) confirm this resistiv-

ity difference between quenched and slow-cooled specimens.

The slow-cooled MG-ZnO has eight orders of magnitude

higher resistivity than the quenched MG-ZnO. Figure 2(b)

shows that quenched and slow-cooled MG-ZnO after 500 �C
annealing have similar Li profiles, demonstrating that resistiv-

ity changes were not due to Li concentration differences but

rather to changes in Li lattice configuration. Figures 2(a) and

2(b) also show the direct correspondence in depth and relative

magnitude between slow-cooled Li SSRM and SIMS profiles

at both 525 �C and 550 �C, indicating that the slow-cooled Li

acts as an acceptor, compensating the otherwise n-type back-

ground doping. Indeed, PAS shows that slow cooling in these

samples results in formation of LiZn acceptors with high den-

sity, larger than 2-3� 1018 cm�3, while the VZn concentration

is on the order of 5� 1016 cm�3.24

Figure 3 illustrates the depth dependence of the 3.0 eV

feature and its correspondence with the SIMS Li profile in

slow cooled MG-ZnO. Both the 3.0 eV DRCLS intensity and

the SIMS Li concentration increase with depth over the same

nanometer scale. The inset shows that the 3.0 eV peak inten-

sity (I(LiZn)/I(NBE)) increases from 32 nm to above 72 nm,

while its SIMS profile [Li] increases from the surface to

FIG. 1. (Color online) 80 K CL spectra for Li-doped MG-ZnO (a) as-grown,

annealed in 500 �C and quenched in DI water or slow cooled in air and (b) 5

keV CL spectra comparison and (inset) relative intensity changes of VZn and

LiZn related defects in MG-ZnO after quenching and slow cooling process.

The slow-cooled MG-ZnO exhibits an additional 3.0 eV peak.

FIG. 2. (Color online) (a) SSRM of slow cooled MG-ZnO samples after

500 �C–550 �C annealing showing contrast between quenched and slow-

cooled methods. (b) SIMS of quenched and slow-cooled MG-ZnO after

500–550 �C annealing showing correspondence between Li density and re-

sistivity in slow-cooled samples.

FIG. 3. (Color online) 80 K CL spectra for Li-doped MG-ZnO annealed at

600 �C and slow cooled in air, and [Li] SIMS profile correspondence with

LiZn versus VZn DRCLS intensities (inset). The 3.0 eV LiZn increases from

32 nm below the surface to above 72 nm, and corresponds to the [Li] profile

in this range. The increasing (decreasing) LiZn (VZn)-related intensities show

that LiZn forms by Li filling VZn sites.
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above 200 nm. The correspondence between DRCLS 3.0 eV

emission and SIMS Li profile in Figure 3 coupled with the

correspondence between the SIMS Li profile and resistivity

increase due to LiZn acceptors in Figure 2 suggest strongly

that the 3.0 eV feature is characteristic of LiZn acceptor. Fig-

ure 3 also reveals an interplay between the 2.07 eV VZn clus-

ter feature and the 3.0 eV LiZn peak. As the LiZn intensity

increases with depth, the VZn-related feature decreases so

that their ratio increases with depth. The movement of Li

from interstitial to Zn substitutional sites decreases the 2.07

eV (Vzn-related) peak intensity and increases 3.0 eV (Lizn-

related), increasing the intensity ratio I(LiZn)/I(VZn), as the

Figure 3 inset illustrates.

HT-ZnO specimens after quenching and slow cooling

display the same physical behavior as MG-ZnO samples: (i)

a new 3.0 eV DRCLS peak in slow-cooled, semi-insulating

HT-ZnO, (ii) a systematic decrease of the 2.07 eV VZn-

related peak intensity with increasing 3.0 eV intensity, and

(iii) the absence of the 3.0 eV peak for the quenched, low re-

sistivity HT-ZnO. Again, the 3.0 eV peak, follows the Li

concentration on a nanometer scale. From the SIMS-DRCLS

comparison, the lower detection limit of the 3.0 eV LiZn

peak is found to be �5� 1017 cm�3.

Previous studies of thermally processed Li-implanted

ZnO at micron depths support these results. Flash annealed

(20 ms at 1200 �C) from a 500 �C baseline and slow cooled

Li-implanted HT-ZnO shows a 3.0 eV peak emerging at 950

nm and its intensity peaking at 1.5 lm depth,8 corresponding

to the peak SIMS [Li] concentration at the same depth.7 Op-

tical studies are consistent with the assignment of the 3.0 eV

peak to LiZn dopant sites. SPS of these slow-cooled MG- and

HT-ZnO specimens in Figure 4 display features correspond-

ing to optical depopulation of states 3.0 eV below the

conduction band edge (EC).25 The EC – 3.0 eV energy assign-

ment is consistent with theoretical predictions by Lany and

Zunger26 and with photoluminescence (PL) results of Li dif-

fused ZnO by Meyer et al.27,28 Early diffusion studies high-

lighted the possible interplay between interstitial Li and

LiZn.28,29 Our results demonstrate this interplay explicitly

and the pivotal role of thermal treatment in controlling the

balance of Li donors and acceptors.

In summary, we have used several depth-resolved techni-

ques to identify the 3.0 eV luminescence peak in Li-doped

ZnO with Li on Zn acceptor states located 0.3 eV above the

valence band. The evolution of Li configurations in ZnO from

interstitial donor to substitutional acceptor under different

annealing conditions emphasizes the sensitive temperature

balance required to diffuse interstitial Li into Zn vacancy sites

to promote acceptor doping.
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