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ABSTRACT
The impact of hydrogen in ZnO is revealed by combining reaction dynamics calculations with temperature dependent Hall (TDH),
photoluminescence, and secondary ion mass spectrometry measurements performed on H, 2 H, and He implanted ZnO. H and 2 H
box proﬁles with a concentration ranging from 3  1017 cm3 to 1019 cm3 and He to produce as much as damage as in the
[H]  3  1017 cm3 case were implanted in the samples. The formation of Li lean regions has been observed for [2 H] , 1019 cm3 after
annealing at 400  C. This is attributed to Lii presence consequent to the diﬀusion of Zni created during the H/2 H implantation process.
Results extracted from the TDH measurements performed prior to the annealing at 400  C evidence that Lii contributes to an increase in
carrier concentration up to 1017 cm3 by providing a donor level with an activation energy of 40 meV and thus is very close to the value
of 47 meV expected for H in the oxygen site. The reaction dynamics analysis evidences that the amount of Lii introduced is decreasing at
higher H implantation doses as a result of increasing VZn and H-VZn retrapping, reactions in which Lii is competing with H. Overall, due to
Lii formation as well as the presence of Al the maximum percentage of the implanted H or 2 H acting as a donor in the investigated range is
found to be & 2%, which is considerably lower than previously reported.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5115597
I. INTRODUCTION
Hydrogen in ZnO has been widely studied in the quest to
achieve p-type conductivity since, on the basis of ab initio calculations, it has been proposed as responsible for the unintentional
n-type conductivity of the material when incorporated on an interstitial bond-centered lattice site (HBC ).1 Experimentally, ﬁrst indications of H donor activity were attributed to hydroxyl ions formed
at oxygen ion sites, and an activation energy of  50 meV was
reported.2–4
More recently, a second H related shallow donor conﬁguration
has been theoretically proposed: a multicentered bond H (HO ) that
can be visualized as an O vacancy (VO ) with a single fourfold
coordinated H atom near the center.5 Evidence of the presence of
two hydrogen related donors with activation energies 53 meV
and 47 meV assigned to HBC and HO has been found by combining photoluminescence (PL) spectroscopy, photoconductivity
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measurements, Raman scattering, and Fourier Transform Infrared
(FTIR) Spectroscopy.6 However, in other studies based on temperature dependent Hall (TDH) measurements and electron paramagnetic resonance (EPR) spectroscopy or PL measurements, only a
level  40 meV below the conduction band edge, EC , was assigned
to an H related donor with the second one in the 55–66 meV attributed to Al or left unassigned.7,8 Moreover, evidence of H passivation
of ionized compensating acceptors and introduction of a shallow
donor level has also been reported in studies based solely on TDH
measurements9 or supported by PL and FTIR,10,11 with a variety of
activation energies that are overall varying in the 53–28 meV range.
Secondly, in the case of implanted H, the activated percentage acting
as a donor has been reported to vary in the 30%–65% range and
assigned to HO .9,11 However, in these works, the thermal stability of
the donor assigned to H has been found to be ,400  C even though
HO is reported to be thermally stable up to *500  C.5,6,12,13
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Furthermore, possible interactions of H with the defects created
during implantation were discussed only qualitatively.
Meanwhile, considerable progress in understanding intrinsic
point defects features as well as their interaction with H has been
made. As an example, proof for zinc interstitials (Zni ) diﬀusion
has been obtained by monitoring Li. That is, the occurrence of
Li-depleted regions has been observed as a consequence of the Zni
interstitialcy diﬀusion process, that is, converting substitutional Li
atoms in the Zn site (LiZn ) into highly mobile interstitial ones
(Lii ).14 Furthermore, the strong interaction between zinc vacancy
(VZn ) and H has been more deeply investigated by providing both
experimental and theoretical evidences of the Hn -VZn complexes
formation with n ¼ 1, 2, 3.15–20 In addition, it has been shown
that signiﬁcant VZn clustering with VO is starting already at temperatures *100  C.21 Indeed, the formation of H-ﬁlled bubbles has
been detected by positron annihilation spectroscopy (PAS) in H
implanted samples after annealing in the 200–500  C range.22 This
mechanism, if present, is relevant in studies like the one here presented since a large amount of H might be potentially allocated in
such voids and therefore, for example, not take part in the donor
formation.
The purpose of this work is to tackle once more the topic of
H implantation into hydrothermally grown ZnO (HT-ZnO) in
light of the above mentioned recent results. This article is organized
as follows: in Secs. II and III, the experimental details as well as the
theoretical background on which the analysis of the data is based
are provided. Then, in Sec. IV, the experimental results are discussed. There, a reaction kinetics analysis that includes the relevant
intrinsic point defects introduced during implantation is combined
with the results extracted from TDH and PL measurements and a
consistent scenario is proposed. It is shown that the carrier concentration increase is the result of an interplay between H, Zni , and
VZn introduced during the implantation as well as Al and Li
already present in the material; Sec. IV ends with an upper limit
estimate for the H donor activity that is found to be & 2%, that is,
H might not be the primary cause of the carrier concentration
increase observed in similar experiments. Finally, in the Appendix,
details on the multilayer analysis necessary to extract from the raw
TDH measurements the implanted layers electrical characteristics
are provided.
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simulations23 to obtain box proﬁles extending 2 μm in the samples
with: [H] 2  1017 cm3 , [H] 2  1018 cm3 , [2 H]1018 cm3 ,
0
0
and [2 H]1019 cm3 in B, C, B , and C , respectively.24–26 To study
the bare eﬀect of implantation damage 25, 80, 170, 290, and 440 keV,
He ions were implanted through the O-face in sample D. Doses and
energies were selected to produce approximately the same VO and
VZn concentration compared to that of sample B. The samples
implantation conditions and H/2 H concentrations as extracted from
SIMS measurements (cf. Fig. 1) are summarized in Table I.
Postimplantation annealing at 200  C has been found necessary to
obtain layers with optimal electrical characteristics in previous
works.9,11,27 Therefore, 30 min long annealing in N2 ﬂow at 200  C
was performed on all samples. An additional anneal of 30 min in air
at 200  C for samples A, B, C, and D was carried out in order to

II. EXPERIMENTAL DETAILS
Four square 5  5 mm wide samples, labeled hereafter as A, B,
C, and D, were obtained from a HT SPC Goodwill wafer with
room temperature (RT) resistivity, ρ, equal to  0:7 kΩ cm.
0
0
0
Similarly, three square samples, A , B , and C , were cut from a HT
Tokyo Denpa Co. Ltd. wafer with ρ  3 kΩ cm at RT. Afterward,
all the samples were cleaned in a ultrasonic bath with acetone and
0
ethanol and ﬁnally rinsed in deionized water. Samples A and A
were kept as references, while the remaining underwent implantation. H and 2 H were implanted through a 15 μm thick aluminum
foil placed on the O-face and Zn-face of the samples originating
from the SPC Goodwill and Tokyo Denpa Co. Ltd. wafers, respectively. A series of three nuclei energies were used: 1.02, 1.07,
1.12 MeV and 1.26, 1.31, 1.37 MeV for H and 2 H, respectively.
The doses and the energies were chosen according to TRIM
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FIG. 1. (a) H (after background subtracting) and Li chemical proﬁles and (b) 2 H
0
0
and Li chemical proﬁle for samples B, C and B , C , respectively. The Li chemi0
cal proﬁle for the unimplanted samples A and A is also included in (a) and (b),
respectively. All concentrations were measured after the corresponding annealing at 200  C.
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TABLE I. Samples overview.

Sample
A
B
C
D0
A0
B0
C

III. DETAILS ON THE ANALYSIS

Implanted species and
measured concentration

Implanted/
examined face

Reference
[H] ≈3 × 1017 cm−3
[H] ≈3 × 1018 cm−3
[He] ∼1.8 × 1016 cm−3
Reference
[2H] ≈1018 cm−3
[2H] ≈10 19 cm−3

O-face
O-face
O-face
O-face
Zn-face
Zn-face
Zn-face

reduce the surface conductivity.28 Subsequently, Ohmic contact was
formed by soldering small In dots on the implanted/reference face
side. Afterward, TDH measurements were performed in the Van Der
Pauw conﬁguration with a probing magnetic ﬁeld strength of 1 T by
using a LakeShore 7604 apparatus. Measurements were undertaken
with the samples in dark immersed in an He bath varying the temperature from 330 K to 10 K.
The concentrations were measured by SIMS with a Cameca
IMS 7f microanalyzer. A primary beam of 15 keV Csþ ions and of
10 keV Oþ
2 ions and corresponding implanted reference samples
were used for determining the H or 2 H and the Li, Al, Ga, and In
chemical proﬁles, respectively. The crater depths were subsequently
measured with a Dektak 8 stylus proﬁlometer and a constant
erosion rate was assumed for depth calibration of the impurity
proﬁles.
Subsequently, with the Cameca IMS 7f microanalyzer, by using
a primary beam of 10 keV Oþ
2 ions, two craters 300  300 μm
wide were made in all H and 2 H implanted samples. For each
sample, the craters depth was chosen according to the SIMS measurements to expose to air an H or 2 H uniformly implanted and a
virgin area, respectively. The craters were probed in spatially-resolved
PL measurements using the 325 nm line of a HeCd cw-laser (6 mW)
as an excitation source corresponding to a penetration depth
α1 & 100 nm.29 The laser beam was focused to a full width at half
maximum (FWHM) diameter of 40 μm, while the spectral resolution of the detection system was better than 0.2 nm. The samples
were mounted in a closed-cycle He cryostat and measured at 10 K in
this case. Higher resolution PL measurements on the samples surface
were performed with a liquid He bath cryostat at 4.2 K. The typical
excitation power and resolution was 2 mW and 0.025 nm, respectively. A single 1200 rules/mm grating monochromator (f ¼ 1 m)
was used and calibrated against Hg lamp lines.
Finally, Li redistribution in the samples was studied by
annealing subsequently the samples for 30 min in N2 ﬂow in
the 400–700  C range. SIMS proﬁles after each annealing
step were acquired, in this case, with a Cameca IMS 6f microanalyzer using a primary beam of 5.5 keV Csþ ions or of 8 keV Oþ
2
ions and the depth was measured with a Dektak 6M stylus proﬁlometer assuming a constant erosion rate. Overall, since, as previously reported (see Ref. 30), [Li] lateral ﬂuctuations are expected
in the samples, at least two diﬀerent points for each sample were
analyzed to extract [Li] both after the 200  C and 400  C
annealing.
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A. Reaction dynamics analysis
The kinetic evolution of the selected reactions discussed in
Subsection IV A has been modeled according to the theory for
diﬀusion limited reactions.31 In this approach, if an uniform distribution of neutral defects is assumed, the time dependence, t, of the
A þ B ! AB reaction is quantitatively described by the diﬀerential
equation32


d[A] d[B]
r0*
¼
¼ 4πr0* D[A][B] 1 þ pﬃﬃﬃﬃﬃﬃﬃﬃ
,
dt
dt
πDt

(1)

where D ¼ DA þ DB is the sum of the diﬀusion coeﬃcients of
species A, DA and B, DB , and r0* is the capture radius usually set to
a typical interatomic distance in the lattice (0.5 nm in our case cf.
Table III).33 On the other hand, if a Coulomb attractive potential is
present between the two reacting species with charge qA and qB r0* ,
*
, equals32
indicated in this case as rAB
jqA qB j
* ¼ kB T,
4πϵ0 ϵr rAB

(2)

with kB , ϵ0 , ϵr and T being the Boltzmann constant, vacuum, and
relative permittivity constant and temperature, respectively.
B. Analysis of the temperature Hall effect
measurements
0

0

The H and 2 H chemical proﬁles in samples B, C and B , C
are shown in Figs. 1(a) and 1(b), respectively. Reasonable agreement with the concentrations anticipated by the TRIM simulations
is found (cf. Fig. 1 and Table I with the values listed in Sec. II),
while the experimental extensions of the 2 H box proﬁles appear to
be signiﬁcantly larger than expected suggesting residual channeling
in this case. Because of the H or 2 H presence, the samples are inhomogeneous along the implantation direction. Furthermore, surface
0
conductivity has been found to aﬀect C and C (see Fig. 10).
Hence, to extract the electrical characteristics of the H or 2 H
implanted region from the TDH measurements, a multilayer analysis
is necessary. This approach relies on the knowledge of the implanted
layer extension, dimpl , as described in detail in the Appendix. The
depth interval where the conditions [H].[Li] and [2 H].[Li] hold
0
0
for samples B, C and B , C , respectively, has been assumed as dimpl .
This assumption is a posteriori justiﬁed from the results discussed
in Subsection IV A. The dimpl values obtained by comparing
the H or 2 H proﬁles with the Li concentration also shown in
Figs. 1(a) and 1(b) are reported in Table VI. Successively, the data
extracted from the multilayer analysis have been analyzed as
described in Ref. 30. This approach has been shown, by comparison with thermal admittances spectroscopy (TAS) and deep level
transients spectroscopy, to properly describe the prevalent electrical defects present in similar samples.34,35 In detail, the carrier
concentration, nimp (T), i.e., the H or 2 H implanted layer Hall
carrier concentration, niH , multiplied for the Hall scattering factor,
rH , has been modeled by assuming the presence of a fully ionized
single charged acceptor (A) with concentration NA and three

126, 125707-3
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TABLE
II.0 Li, Al, Ga, and In concentrations in 1016 cm−3 for samples
A,0 B, C and
0
0
0
A , B , C as obtained by SIMS. In the case of samples B, C, B , and C , the listed
Li concentrations correspond to the samples’ bulk level, i.e., measured beyond the
H or 2H implanted region.

scitation.org/journal/jap

for describing this scattering mechanism in low compensated
semiconductors.43
C. Analysis of the photoluminescence measurements

A
B
C0
A0
B0
C

Li

Al

Ga

In

40 ± 10
20 ± 6
36 ± 7
14 ± 6
10 ± 4
11 ± 5

34 ± 3
16 ± 1
14 ± 2
0.4 ± 0.2
0.15 ± 0.06
0.2 ± 0.1

&0.2
0.4 ± 0.1
0.8 ± 0.2
0.2 ± 0.1
0.14 ± 0.05
0.2 ± 0.1

&0.02
&0.004
&0.01
&0.003
&0.005
&0.004

s-like donors (Di , i ¼ 1, 2, 3) with negligible temperature dependence of the energy level positions. Hereafter, the type Di donor
activation energy and concentration are labeled as EDi and NDi ,
respectively. As seen from Table II, Al and Ga provide the dominant background concentration of donors in the material.
Published results indicate that the majority of Al and Ga reside in
their donor conﬁguration (AlZn and GaZn ), with only a minor
part of it (& 10%) that is possibly compensated by VZn.36–38
Thus, in the simulations, ND2 has been limited to ([Al] þ [Ga]) as
measured by SIMS, while ND1 , ND3 , ED1 , ED2 , ED3 , and NA have
been treated as ﬁtting parameters. The H or 2 H implanted layer
mobility, μimp (T), equal to the Hall mobility, μiH , divided by rH ,
has been modeled in the relaxation time approximation.39 Finally,
the unknown quantities have been evaluated by simultaneously
ﬁtting nimp (T) and μimp (T). In addition, here it is worth mentioning that few variations have been introduced compared to previous work (Refs. 30 and 34). First of all, (6:05 + 0:15) eV has been
used as value for the deformation potential since it is closer to
recently published theoretical calculations than the one earlier
adopted.40,41 Furthermore, implantation damaging might promote
formation of extended defects like dislocations and voids as mentioned in Sec. I and discussed in detail in Sec. IV. Hence, the dislocation density, Ndis , has been considered as a free ﬁtting
parameter. On the other hand, voids have been modeled as thick
impenetrable volumes and, therefore, a space-charge scattering
(SC) contribution has been added to the scattering mechanisms
listed in Ref. 30. This has been achieved by including a relaxation
time, τ SC (E), with dependence on the electron energy, E, equal to39
1=2

(m* )
τ SC (E) ¼ pﬃﬃﬃ
,
2NSC σ SC E1=2

(3)

where m* is the electron eﬀective mass in ZnO, NSC , and σ SC are the
concentration of space-charge scattering centers and cross section,
respectively. The last two quantities have been assumed as one ﬁtting
parameter, RSC , equal to (NSC  σ SC )1 . Finally, since the FalicovCuevas ionized impurity scattering relaxation time describes the
charged centers scattering contribution in highly compensated semi0
conductors, its use has been limited to A, B, and A due to the anticipated presence of a high compensation ratio in these cases.42 For the
0
0
remaining samples, i.e., B , C, and C , the Brooks-Herring ionized
impurity relaxation time was chosen, since it is more appropriate

J. Appl. Phys. 126, 125707 (2019); doi: 10.1063/1.5115597
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The nature of peaks present in the PL spectra has been established on the basis of their localization energy and comparison
with the energy interval where excitons bound to ionized donors
(Dþ X), neutral donor bound excitons (DX), two electron satellite
(DX-TES), and longitudinal optical phonon replica recombination
(DX-LO) are expected to occur in ZnO.44 The activation energy
corresponding to the DX recombination has been calculated using
H 44,45
.
When the DX-TES recomthe “Haynes” rule and labeled as EDX
bination signature was also clearly distinguishable, a second estimate,
TES
, has been determined by employing the energy distance
EDX
between DX and DX-TES, corresponding to the ground and the
2Px,y excited state of the donor, respectively.44 Finally, the energy distance between DX and DX-LO has also been calculated to verify the
energy of the longitudinal optical phonon involved, hωPL
op .
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Effect of H/2H implantation on the Li proﬁles and
reaction dynamics simulations
It has been shown experimentally that the prevailing conﬁguration for Li in HT-ZnO is LiZn where it acts as an acceptor.34,46–48
Furthermore, the same studies provide evidence that LiZn is the
main compensating center in the material. In our case, Li proﬁles
after the H implantation and successive 200  C annealing are found
to be either uniform or progressively decreasing towards the
surface in the case of samples B and C, respectively, as can be seen
in Fig. 1(a) [these proﬁles are redisplayed in Figs. 2(a) and 2(b) as
well]. On the other hand, clear Li redistribution has been observed
0
0
in the B -C series as can be seen in Figs. 1(b), 2(c), and 2(d). This
is pointing to the presence of Lii . Indeed, the formation of Lii is
anticipated, since Zni is among the point defects produced during
the implantation. The diﬀusion of Zni is occurring already at RT
due to the very low migration barrier of 0.55 eV and it is taking
place by interstitialcy mechanism as noted in Sec. I.49,50 That is, Lii
can be formed in the implanted layers through the reaction14,51

þ
Zn2þ
i þ LiZn ! Lii þ ZnZn :

(R1)

The reverse of (R1), corresponding to a Lii kicking out a ZnZn ,
requires a calculated annealing temperature of 580  C according
to the transition state theory50,52 and, therefore, is not relevant in
the temperature range here of main interest. A second annealing at
400  C in N2 for 30 min has been performed on all samples with
the temperature choice dictated by the previous studies mentioned
in Sec. I where a 1017 cm3 carrier concentration drop was reported
to occur after a similar treatment.9,11 The resulting Li SIMS proﬁles
are also displayed in Fig. 2. It can be seen that evidence for the
0
formation of a Li-depleted region has been observed in C and B .
In sample B, as can be seen by looking at Fig. 2(a), occurrence of
Li redistribution is less discernible. However, we interpret the
, 5  1016 cm3 decrease in Li concentration observed extending
2 μm from the surface to the same physical mechanism since it has
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FIG. 2. (a), (b), (c), (d), and (e) SIMS
Li proﬁles measured after the TDH
measurements (solid lines) and successively to an annealing at 400  C in
N2 for 30 min (dashed lines) for
0
0
samples B, C, B , C , and D, respectively. In all cases, the Li proﬁles after
the 400  C annealing have been normalized to the Li bulk concentration. In
0
the case of sample C , the Li distribution successive to an annealing at
700  C in N2 for 30 min is also
included.

been observed in 3 diﬀerent points of the sample and its width is in
agreement with the H box proﬁle dimensions, as discussed in detail
hereafter. On the other hand, no clear indication of the presence of a
0
0
similar Li lean region has been observed in samples C , D, A, and A
53
(with the latter two not included in Fig. 2). Overall, considering
that [Li] lateral ﬂuctuations are present to compare Li proﬁles
acquired prior and after the 400  C annealing normalization to the Li
bulk concentration has been adopted in presenting the data in Fig. 2
and both the scaling factor and the residual diﬀerences between the
diﬀerent points examined included in the analysis discussed hereafter.
To quantify the amount of Lii , the diﬀerence between Li level in the
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bulk and in the H or 2 H implanted region after the 400  C annealing,
quantity indicated as [ΔLii ]exp in the following, has been employed.
This approach has been also used to establish the extension of the Lii
region, dLi lean , with the results reported in Fig. 2 as well. By comparison with the dimpl values reported in Table VI, it can be seen that the
Li lean extension corresponds to the region where the conditions
[H].[Li] and [2 H].[Li] hold.
[ΔLii ]exp is exhibiting an unexpected dependence on the H/2 H
implanted concentration. That is, it is found to be equal to
0
(2:2 + 0:6)  1017 cm3 in sample C, while it is & 1016 cm3 for C ,
2
despite a 3 times higher H dose is introduced in the latter pointing
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to the occurrence of a limiting factor in high H implantation
regimes. In addition, the comparison between the Li proﬁles of
samples B and D acquired after the 400  C annealing suggests that
the Lii presence is a by-product of the H and 2 H implantation. In
order to understand the physical mechanism behind these dependences and perform a reactions dynamic analysis, the relevant reactions that involve Li and H, besides (R1), have to be individuated.
Ab initio calculations forecast a strong interaction between Hi and
LiZn through the reaction54
0

Hþ
i þ LiZn ! (H  LiZn ) :

(R2)

The formation of H-LiZn complexes is occurring already at RT due
to the low migration barrier of H and 2 H of 0.85 eV and, therefore, this process has to be included among the relevant reactions.55
Furthermore, limiting the present discussion to point defects,
besides Zni , also VZn, VO, and oxygen interstitials (Oi ) are produced during H and 2 H implantation and, while partly escaping
the dynamic annealing (i.e., direct recombination of Frenkel pairs),
might also participate in the reactions.56 VZn s are practically immobile at RT.50 Moreover, VZn s are theoretically anticipated to be deep
double acceptors with the 1-/2- level being * 1:4 eV below EC .
Therefore, they are expected to be double negatively charged in the
H and 2 H implanted region.16,17,50 Furthermore, as anticipated in
Sec. I Hn -VZn complexes, with n ¼ 1, 2, 3 at least, are also expected
to form already at RT due to the above mentioned low Hþ
i
diﬀusion barrier.50 Therefore, the reactions

2
Hþ
i þ VZn ! (H-VZn )

(R3)


0
Hþ
i þ (H-VZn ) ! (H2  VZn )

(R4)

and

have also been included in the simulations. On the other hand, the
contribution of the additional reaction
Hþ
i þ (H2  VZn ) ! (H3  VZn )
0

þ

(R4*)

is expected to be negligible on the time scale of interest due to the
absence of Coulomb attraction (see Table III) as numerically
proved hereafter. The reaction
0
þ
Hþ
i þ VO ! HO

(R4**)

scitation.org/journal/jap

involves VO that is not mobile at RT.50 Furthermore, VO s are
anticipated to be neutral, considering that the 0/2+ charge state is
occurring at * 1 eV below EC , while [VO ] is [VZn ] and therefore
is also neglected in the ﬁrst approximation. Concerning Oi , they
split
are theoretically expected to exist in a split (Oi ) and an octaheoct
dral conﬁguration (Oi ), where the former is electrically neutral,
while the latter is a double acceptor with the -/2- charge state transition occurring * 1:8 eV below EC .50 The migration barrier for
such defects is in the 0:9–1.1 eV range, depending on the charge
state, and could, therefore, be suﬃciently mobile at RT. However,
þ
þ
the reaction Oi þ Hþ
O ! Hi þ OO relies on the HO production,
i.e., it is, in the approach used here, a second order correction and
has not been included. Here, it is worth pointing out that there is
excellent agreement between the experimental values for the Zni
diﬀusion activation energies mentioned above and their theoretical
counterparts.49,50 Similarly, for Hi detailed studies clariﬁed the
cause behind the discrepancy among experimental migration barriers reported.55,57 On the contrary in the case of Lii theoretical estimates are consistently in the 0.58–0.7 eV range,51,52,54 that is, Lii is
expected to be a fast diﬀuser in ZnO as also suggested in an early
study.3 However, other published experimental values58,59 are
* 0:3 eV higher with the diﬀerence most probably related to the
presence of interacting defects with also the Fermi level position
possibly playing a role.51,58 Therefore, in the present analysis, the
possibility that Lii is already mobile at RT has been taken into
account by including possible reactions involving Lii while keeping
its diﬀusivity, DLii , as a ﬁtting parameter. Close-by VZn -Lii pairs are
highly probable to annihilate to form LiZn due to lower formation
energy of LiZn with respect to Lii .54 Furthermore, (H-LiZn )0 can
also form via Lii occupying a VZn where an H or 2 H is already
present. Hence, two additional reactions
2

Liþ
i þ VZn ! LiZn

(R5)


0
Liþ
i þ (H-VZn ) ! (H-LiZn )

(R6)

and

have been also included into the group of relevant ones.
On the other hand, reactions resulting in the formation of
LiO or Lii -VO complexes as well as of Li based molecules/trimers
with Hi or OH have been excluded on the basis of theoretical
results.54,60 Finally, the formation of the neutral Lii -LiZn pair
through the reaction
0

Liþ
i þ LiZn ! (Lii  LiZn )

TABLE III. Parameters used in solving the coupled differential equations corresponding to (R1)–(R6). Capture radii are in nm and diffusion coefﬁcients in cm2 s−1
and evaluated at 300 K. In the case of the capture radii, the subscript corresponds
to the charge state of the pair of defects involved in the reaction.

r0* = 0.5
r+/−* = 6.7
r2+/−* = r2−/+* = 13.4
a

Taken from Ref. 49.
Taken from Ref. 55.

b
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DZni = 1.5 × 10−13a
DH = 1.9 × 10−16b
D2 H = 1.3 × 10−16b

(R6*)

has also been theoretically found to be exothermic,54 even though
due to the presence of the competing processes, (R2) and (R6)
are anticipated to have minor eﬀect as veriﬁed independently and
discussed hereafter. Simultaneous solution of the diﬀerential rate
equations corresponding to the reactions (R1)–(R6) has been performed by (i) using the values listed in Table III for the diﬀusion
coeﬃcients and capture radii, (ii) setting [Hi ]/[2 Hi ] and [LiZn ]
initial values equal to the H/2 H implanted and [Li] reported in
Tables I and II, respectively, (iii) varying [Zni ] and [VZn ] in the
3%–6% range of the total amount created by ballistic collisions
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according to TRIM simulations, (iv) assuming the concentrations
of Lii , H-LiZn , H-VZn and H2 -VZn prior to the H or 2 H implantation negligible (equal to 1013 cm3 ) (v) keeping DLii as a free
parameter. DLii has been determined by ﬁtting the [Lii ] extracted
from the simulations, labeled as [Lii ]sim hereafter, with its experimental counterpart [ΔLii ]exp . This approach is a posteriori justiﬁed by the
time interval the reactions are occurring since [Lii ] and [H-LiZn ] are
reaching their equilibrium values (& 10% variation) in & 3 h after
the H or 2 H implantation. Secondly, it relies on the assumption that
no additional reactions that can alter further [Lii ] and [H-LiZn ] are
occurring during the 200/400  C annealing on the basis of the above
discussion [see comment concerning (R1)].
The simulations clearly reproduce the dependence of [ΔLii ]exp
on the diﬀerent initial condition: [Hi ]/[2 Hi ], [LiZn ], [Zni ], and
[VZn ] as can be seen by looking at Fig. 3 where [ΔLii ]exp is compared with [Lii ]sim and plotted vs H/2 H implanted concentration.
Moreover, they conﬁrm that in the case of D all the created Lii is
progressively going back to the LiZn conﬁguration through (R5)
due to the absence of H. In addition, the analysis indicates that Li
not in the Lii conﬁguration is H or 2 H passivated with the highest
[LiZn ] occurring in sample B, where it is found to be & 1016 cm3
and its presence is caused by the limited amount of H introduced
in this case. Furthermore, the reaction dynamics calculations prove
that Lii retrapping by VZn and H-VZn, i.e., (R5) and (R6), are crucial
in determining the [Lii ] to [H-LiZn ] ratio at high H or 2 H implantation levels, thus determining the [ΔLii ]exp drop observed when [H] is
* 3  1018 cm3 . To investigate in more detail the (R5) and (R6)
weight on the overall results, simulations excluding these two
reactions and setting [LiZn ] equal to sample C concentration have
been performed with the resulting [Lii ]sim reported as a dashed
curve in Fig. 3. Consistent with the higher diﬀusion coeﬃcient of

FIG. 3. Comparison between the simulated [Lii ]sim (cyan band) and measured
[ΔLii ]exp (orange circles) vs H and 2 H implanted concentrations as extracted
from SIMS measurements. The band outside of the simulated points is introduced to guide the eye only. The dashed red line indicates the dependence of
[Lii ]sim on [H] for sample C obtained by performing the simulations excluding
reactions (R5) and (R6), i.e., assuming Lii not mobile.
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Zni with respect to Hi (R2) is not relevant at low H implanted concentration and [Lii ] equals [Zni ]. This proportionality breaks at
[Hi ]  3  1018 cm3 after which [Lii ]sim is only slightly increasing and stabilizing at 3:4  1017 cm3 . Only 3  1016 cm3 Li
is H passivated in this case. On the other hand, as can be seen by
comparing the dash line with [Lii ]sim for sample C, (R5) and (R6)
account for a 1017 cm3 drop. Similarly it is mainly because
of Lii retrapping by VZn and H-VZn that H-LiZn is the domi0
nant Li conﬁguration in sample C where [H  LiZn ] equals to
17
3
10 cm . Indeed, as shown in Fig. 2(d), minor changes in the
Li proﬁle are observed after successive annealing up to 700  C.
This further supports the theoretical calculations, since (H-LiZn ) is
expected to be thermally stable up to 1200  C.61 Furthermore, this
ﬁnding is in agreement with a recently published work, where, an
almost identical Li proﬁle obtained by H implantation, was found to
be stable up to 800  C and correlate with the H distribution.62
Finally, it is found that [LiZn ] spot dependence, extension of the
[Zni ]/[VZn ] range as well as the extracted DLii optimal interval
(hereafter discussed thoroughly) have a similar impact on the
resulting [Lii ]sim introducing, each of them, variations similar to
the uncertainties reported in Fig. 3 in exception of B where DLii
and [Zni ]/[VZn ] ranges are the main sources of uncertainty.
The reaction analysis performed indicates that in & 3 h after
the implantation the initial [VZn ] has already been ﬁlled with two
H or 2 H and [H-VZn ] is ⪅ 3  1015 cm3 . H2 -VZn are expected to
be stable and/or to aggregate and form hydrogen ﬁlled bubbles
after annealing up to 500  C.22 On the other hand, as mentioned
above, as H or 2 H implanted samples are highly resistive and a subsequent annealing at 200  C has been found to be necessary for
obtaining layers with optimal electrical characteristics.9,11,27 Then,
the presented calculations suggest oxygen sublattice related defects
as a source of compensating centers responsible for the observed
postimplantation resistivity increase. Indeed, the reported theoretically calculated temperature for annealing out of primary defects
migration is 170  C,
situated in the oxygen sublattice by O2
i
which is consistent with the annealing temperature experimentally
found as well as the defect nature deduced here.50
Concerning DLii , the optimal range has been found to be
5  1016 –3  1015 cm2 s1 . This implies an activation energy for
Lii
, equal to (0:71 + 0:02) eV if it is assumed that
Lii diﬀusion, Ediff
Lii
=kB T) and a
DLii follows an Arrhenius form like D0 exp(Ediff
typical value of 103 cm2 /s for the pre-exponential factor is used.63
Lii
Even though there is overlapping between the Ediff
found here and
the theoretical predicted values, it is worth underlining that this
estimate relies heavily on the value assumed for D0 that might
deviate signiﬁcantly. Secondly, for sample C, it has been numeriLii
has to be used to limit
cally veriﬁed that a 0:05 eV higher Ediff
(R5) and (R6) action and achieve the same [Lii ]sim if [Li] is reduced
to 80% of the value reported in Table II. That is, possible presence of [Li] already in the H-LiZn conﬁguration or inactive
because trapped at inversion domain boundaries, as discussed in
Lii
.
Subsection IV B, might also aﬀect to some degree the value of Ediff
Hence, the estimate found here has to be considered as indicative.
Finally, simulations by successively adding to the (R1)–(R6)
system of diﬀerential equations the contribution corresponding to
(R4*), (R4**) (with [VO ] equal to 6% of the total amount created
by ballistic collisions according to TRIM simulations) and (R6*)

126, 125707-7

Journal of
Applied Physics

ARTICLE

scitation.org/journal/jap

have been also performed. The largest correction has been found to
take place in sample B, when (R6*) is included, with all the remaining ones being well within the error range shown in Fig. 3. In this
case, as mentioned above, part of the Li
Zn is not H passivated and,
therefore, contributes to the formation of (Lii -LiZn )0 complexes.
Because of this eﬀect, [Lii ]sim is decreasing from 2  1016 cm3 to
1016 cm3 . Unfortunately, error ranges of [Lii ]sim as well as [ΔLii ]exp
are too large for establishing if this correction is signiﬁcative, i.e., (R6*)
is actually taking place.
In conclusion, consequent to the H/2 H implantation, the
reaction simulation analysis evidences that LiZn up to a depth
dLi lean ﬃ dimpl is mainly passivated with the formation of the
H-LiZn complex and promoted to the Lii position as a consequence
of the Zni interstitialcy diﬀusion mechanism with the ratio between
the two conﬁgurations depending on the details of the H, Li, Zni ,
and VZn interplay. The purpose of Subsections IV B and IV C is to
provide additional experimental evidence of the proposed scenario.
B. Electrical properties
In Fig. 4(a) n(T) and in (b) μ(T) for the reference samples
0
A and A are shown. In this ﬁgure, nimp (T) and μimp (T) for B,
as extracted from the multilayer analysis, are also included.
0
0
Results concerning samples B , C, and C are presented in
Figs. 5(a) and 5(b) instead. As a consequence of H or 2 H implantation, n(T) is seen to increase from a RT value of 1014 cm3 to
2  1017 cm3 and from 2  1013 cm3 to 8  1016 cm3 in
0
0
the A-C and A -C series, respectively. Secondly, the n(T) proﬁles
have been found to ﬂatten down when H or 2 H is introduced, thus
suggesting the presence of donors with lower activation energies in
these cases.
An analog dramatic change has been also observed to occur in
μ(T) consequent to the H or 2 H introduction. In detail, the mobility from a starting value of 130 cm2 V1 s1 is raising up to
540 cm2 V1 s1 with the temperature peak shifting from 200 K
down to 70 K, if measurements on A and C are compared.
An even larger peak mobility increase up to  1200 cm2 V1 s1 is
0
0
observed in the case of samples B and C .
The simulated curves are also included in Figs. 4 and 5.
As can be seen, good agreement between the experimental data
and the simulations has been achieved. The main incongruity is
a substantial discrepancy of the modeled n(T)imp observed for
0
0
temperatures & 40 K in the case of samples C, B , and C with the
temperature range pointing to the surface layer contribution as
main cause. The parameters extracted from the ﬁts are listed in
0
Table IV. In detail, the references A and A , where [Li].[Al]+[Ga]
(see Table II), are found to be similar to previously examined high
resistive samples.30 That is, D2 is fully compensated and the conduction band free carriers are provided by the deep donor D3 with
ED3  320 meV corresponding to the electrically active defect labeled
as E3 , whose presence is commonly reported in HT-ZnO.35,64–66
Here, it is also worth noticing that, in principle, the TDH measurements of these samples can be simulated assuming that only ND2
and ND3 are present. However, considering that ND2 is ﬁxed, by
being set equal to ([Al] þ [Ga]), from the combined ﬁt of n(T) and
μ(T), the presence of a third donor cannot be excluded a priori. On
this basis, an upper limit for ND1 concentration has been established
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FIG. 4. (a) n(T), the carrier concentration vs temperature, for the reference
0
samples A and A and nimp (T) for sample B. (b) μ(T), the mobility vs tempera0
ture, for the reference samples A and A and μimp (T) for sample B. The solid
curves are ﬁt to the experimental data.

(see Table IV), even though no activation energy can be evaluated in
these cases since the shallow donors are fully compensated.
In all the H or 2 H implanted samples, the evidence for the
presence of two shallower and electrically active donors, D1 and D2 ,
has been clearly found with activation energies varying in the
20–55 meV range. To compare the activation energies among
them and with the ones extracted from the PL measurements presented in Subsection IV C, the inﬁnite dilution values of ED1 and
0
0
and ED2
, respectively, have been
ED2 , indicated in Table IV as ED1
calculated as67
pﬃﬃﬃﬃﬃﬃﬃ
0
EDi
¼ EDi þ β 3 NA ,
(4)
with β ¼ 4  105 meV cm as theoretically predicted. Concerning
β, here it is worth pointing out that available experimental estimates are varying in the 2–6  105 meV cm range depending on
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FIG. 5. (a) nimp (T) for samples C, B , and C . (b) The corresponding μimp (T).
In both cases, the ﬁt to the experimental data is drawn as solid curves.

the semiconductor.68 Hence, using in Eq. (4), the experimental
0
0
and ED2
values span instead would cause an increase in the ED1
uncertainties, while the resulting means are remaining within the
interval reported in Table IV.

scitation.org/journal/jap

Once the inﬁnite dilution correction is performed, agreement
for ED2 is found among the samples.69 Furthermore, the extracted
0
is consistent with setting ND2 equal to ([Al]+[Ga]) since AlZn
ED2
and GaZn related levels are reported to occur in the 52–55 meV
range on the basis of PL measurements.8,44 Hence, within the
approach used, these ﬁndings suggest that Al and the combination
0
of Al and Ga are the major contributors to the level with ED2
in the
0
0
53–60 meV range in the series of samples A-C and A -C , respectively. That is, other possible donor candidates, like residual HBC or
transition metal stabilized H related donors, TMZn -HBC ,15 appear
to play a minor role similarly to that reported for analogous
0
samples.34 Moreover, the occurrence in samples B, C, and B of the
0
second shallow donor with ED1 40 meV is consistent with the
presence of Lii since there is theoretical and experimental consensus that Lii is providing a shallow donor with a reported activation
energy equal to 44 meV.3,51,54,59 Furthermore, the proposed
scenario based on the reaction dynamics results is further corrobo0
rated by the fact that in C , where [ΔLii ]exp & 1016 cm3 (limiting
0
is found to be 7 meV
the analysis to the 0:4–2:4 μm range), ED1
higher than in the remaining samples, thus supporting the involvement of a diﬀerent donor in the latter case. Finally, in the H and
2
H implanted samples, direct evidence for the presence of a deep
donor has been found only in B. This contribution has been
assumed in the following discussions to be E3 related despite the
0:1 eV lower ED3 . Both the limited temperature interval where D3
is signiﬁcantly ionized as well as the large substrate correction
(see Appendix) are, possibly, responsible for the 0:1 eV shallower
ED3 extracted in this case. On the other hand, in the remaining ones,
0
0
C, B , and C , the presence of the shallower and electrically active
donors, D1 and D2 , mask the possible contribution of D3 to nimp (T)
in the temperature range analyzed here. Therefore, ND3 has been evaluated exclusively on the basis of its contribution to the neutral impurity scattering, a procedure that has been veriﬁed to provide results in
substantial agreement with those extracted from TAS measure0
ments.30,35 The comparison with samples A and A strongly supports
to assign ND3 to E3 also in these cases. Hence, ND3 decrease observed
0
0
in samples C, B , and C suggests H and 2 H passivation of the defect
responsible for the E3 level, conclusion also in agreement with
recently published results.70
As anticipated by the dramatic increase in μimp (T), a NA
reduction of 1 and 2 orders of magnitude is observed in
0
0
the case of samples C/B and C , respectively (see Table IV).

TABLE IV. Extracted parameters from ﬁtting the TDH measurements. Activation energies, EDi (i = 1, 2, 3), and their inﬁnite dilution limit, EDi0 (i ¼ 1, 2), are in meV. Donor conhωHop , are in meV, and the space-charge
centrations, ND1 and ND3, ionized compensating acceptors concentration, NA , are in 1016 cm−3, longitudinal optical phonon energies, 
effective linear dimensions, RSC, are in nm.

ND1
A
B
C0
A0
B0
C

&0.5
2±1
17 ± 3
&0.6
2.2 ± 0.3
7.7 ± 0.3

ED1

0
ED1

∼20
27 ± 1

∼40
38 ± 2

31 ± 1
49 ± 7

53 ± 2
60 ± 10

34 ± 1
45 ± 2

41 ± 3
47 ± 4

55 ± 10

60 ± 10

ED2

0
ED2

ND3

ED3

NA

a
hωH
op

RSC

11 ± 3
10 ± 6
&5
20 ± 5
9±3
3±2

318 ± 3
220 ± 20

32 ± 1
16 ± 1
2±1
6±1
0.5 ± 0.3
&0.04

71
71
67 ± 3
71
71
65 ± 2

*1000
*400
80 ± 20
*1000
* 1000
250 ± 50

333 ± 2

0

hωH
op has been extracted from the μimp(T) fitting only in the case of samples C and C as discussed in detail in the text.

a
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This points to a passivation of the acceptors present with the 2
0
0
orders of magnitude lower [Al] of B and C playing a distinct role
2 1 1
in the 600 cm V s higher mobility maximum compared to
that of sample C. The results found here are in accordance with the
above proposed scenario since, as mentioned, LiZn is expected to be
the main compensating center and the formation of (H-LiZn )0
complexes following the H or 2 H implantation is causing the NA
reduction. This interpretation is further corroborated by observing
that similar increases in peak mobility have been reported in
HT-ZnO samples with a [Li] reduced to 1015 cm3 as a consequence of high temperature annealing.34 Moreover, it is worth
0
pointing out that NA for sample A and A are 80% and 40%,
respectively, of the total [Li] measured by SIMS in the respective
samples. However, as evident from Table II, large variation in [Li]
has been observed between the samples belonging to the same wafer
and there is an overlap between NA and the overall Li concentration
range occurring within the wafer. Therefore, it is not possible to
establish if the above mentioned discrepancy is related to [Li] ﬂuctuations or to a non-negligible presence of (H-LiZn )0 and/or Li
trapped at inversion domain boundaries, as an example.47 Finally, it
should be noted that in the high H/2 H concentrations implanted
0
0
samples, i.e., C, B and C , LiZn is expected to be fully passivated
according to the reaction dynamics simulations discussed in
Subsection IV A, while NA is found & 2  1016 cm3 . The presence
of additional compensating centers30 and/or corrections due to contributions of slower reactions occurring already at RT and not
included in the analysis presented in Subsection IV A are all factors
that can contribute, for example, to this deviation from the main
trends of the proposed scenario.
An upper bound for RSC varying in the 400–1000 nm range
0
could be evaluated in samples A, A , and B with the extracted
values listed in Table IV. In these cases, the estimates represent the
threshold where, by decreasing RSC further, the simulated μimp (T)
curve was pushed below the experimental errors. That is, no clear
experimental evidence for the presence of this scattering mechanism in the as-grown material has been found contrary to what has
been previously reported.71 On the other hand, for samples C and
0
C , a distinct improvement in the μimp (T) ﬁt has been found by
introducing the SC scattering contribution, thus permitting an
accurate evaluation of RSC . This suggests that higher H or 2 H
implanted doses can introduce defects contributing to the spacecharge scattering. As mentioned in Sec. I, the formation of H-ﬁlled
bubbles upon annealing up to 500  C in H implanted samples has
been observed by PAS and their presence is consistent with theoretical calculation showing that signiﬁcant VZn clustering with VO is
starting at temperatures * 100  C.21,22 Considering that the 2 H
0
total dose in the case of sample C is only a factor 2 lower than in
the above mentioned experimental study, the presence of vacancy
clusters is anticipated in our samples and represent an evident candidate for the observed increase in the SC contribution. Then, if
σ SC is assumed to be equal to 2–30 nm corresponding to the
vacancy cluster diameter observed by transmission electron
microscopy in a study on H implanted ZnO samples, a geometrical
averaged NSC equal to 1017 cm3 is estimated for both samples.
0
In addition, in the case of C and C , for achieving good agreement
between the measured data and simulated curves, it has been
found necessary to lower the longitudinal optical (LO) phonon
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energy, hωH
op , from the assumed value of 71 meV to  67 meV and
 65 meV, respectively. The presence of a broad band ranging from
 62 meV to  74 meV around the LO mode has been observed in
Raman spectra of ZnO samples implanted with Ar and H. This phenomenon has been attributed to the weakening of the crystal translational invariance that is making possible the scattering contribution
from outside the Brillouin zone center. This interpretation is supporting the use of a lower hωH
op in the samples implanted with the
highest H or 2 H doses.22,72 Finally, μimp (T) simulations indicate that
Ndis increases from the typical value of  104 –105 cm2 of the refer0
ence samples30,73 to * 106 cm2 in samples C and C . However, the
scattering dislocation contribution becomes relevant only below
 50 K. Hence, the above mentioned Ndis increase appears to be
strongly correlated with the surface layer correction (see Appendix).
Therefore, the values extracted can be only taken as indicative and
are not reported in Table IV.
A comparison between the He implanted and reference sample
electrical characteristics, i.e., samples D and A, is shown in Fig. 6.
As a consequence of He implantation, μTH and nTH have been
observed to scatter around sample A values. This suggests the
presence of a high resistivity layer. In addition, large asymmetries
in the measured Hall coeﬃcient by ramping the magnetic ﬁeld at
both negative and positive direction were present for measurements taken at temperatures .280 K that are, therefore, not

FIG. 6. Samples A and D Hall carrier concentration and Hall mobility data (in
the inset) as measured, i.e., assuming an uniform thick layer equal to the
wafers nominal thickness.
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shown in Fig. 6. A detailed study on the onset of RT Hall coeﬃcient asymmetries is beyond the purpose of the present report
and will not be discussed further.
Assuming an extension of the He implanted layer of
(1:5 + 0:2) μm, as obtained from TRIM simulations, an order of
magnitude for ρHe can be evaluated by noticing that if ρHe  ρ j
j2 j
then μTH 2 nTH dT ¼ μiH2 niH di þ μH nH d j t 2 obtained by combining
Eqs. (A1) and (A2) reduces to
t

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
μTH 2 nTH dT
:
j2 j
μH nH d j

(5)

Following this approach by using Eq. (A3), it is found that ρHe is
10  ρA , thus justifying a posteriori the simplifying assumption
made. Starting from the carrier concentration simulations of sample
A, an acceptor concentration increment, ΔNA , of & 1017 cm3 corresponds to such a resistivity increase. That is, the 200  C annealing is
not suﬃcient for a full recovery of the material to the original condition in case of He implantation. This is indeed expected considering
the absence of VZn passivation by H (see also Subsection IV A) and
suggests the presence of residual VZn as a cause for the ΔNA , in
agreement with already published results.74
In conclusion, comparison of the electrical characteristics of
sample D with the remaining ones excludes that the dramatic
0
0
changes in nimp (T) and μimp (T) observed in B, C, B , and C are consequence of pure damaging produced by the implantation and
conﬁrms that H is playing a clear role in the results above discussed.
0

A comparison between the spectra taken inside a crater
0
0
exposing a virgin region 5–6 μm deep into the B/C and B /C
0
samples with the ones taken on the surface of A and A is shown
in Figs. 7(a) and 7(b), respectively. It can be seen that only minor
changes in the near band edge (NBE) spectra features are
observed as a consequence of the sputtering to realize the craters,
thus justifying the procedure used here. The dominating peak
labeled as DX and occurring at 3:361 eV is in the energy range
of the neutral donor bound excitons region44 and has been found
to be present in all the samples. Three other peaks are clearly
visible in the spectra of the references and virgin region of the
samples. Considering their localizations they are indicated in Figs. 7(a)
and 7(b) as Dþ X, DX-TES and DX-LO, respectively. In the case of
H
sample A, as reported in Table V, agreement is found between EDX
TES
and EDX
with both estimates equal to 51 meV. The presence of a
level with this position in the bandgap is anticipated by the results
discussed in Subsection IV B and is consistent with attributing D2
mainly to Al, since lines in the 3.3608–3.3604 eV range (I6 =I6a in the
literature) are commonly assigned to excitons bound to neutral AlZn
donors.44 Here, it is worth pointing out that the intrinsic FWHM
width of the DX peaks is 1–2 meV. Hence, other defects, like residual HBC , GaZn as well as the unassigned I5 and I7 lines, that are all
reported to occur within , 2 meV, might also participate to DX.
However, the occurrence of the Dþ X peak with localization energy
3 meV and attributed to excitons bound to ionized AlZn points
unambiguously to a I6 =I6a contribution to the DX signal.44 Finally, it
has been veriﬁed that the energy distance between DX and DX-LO is
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FIG. 7. Normalized PL spectra for the A-C and for the A -C series are shown
in (a) and (b), respectively. For each of the implanted samples, two spectra are
shown. They are labeled as “bulk” and “implanted” to indicate the spectra collected from craters 5–6 μm and 1.6–2.4 μm deep, respectively. The bulk
0
spectra are compared with the ones taken on the surface of samples A/A in
the upper part of each subﬁgure. Dþ X, DX, DX-LO, and TES denote exciton
bound to ionized donor, to neutral donor, the corresponding phonon replica and
two electron satellite related lines, respectively.

C. Near band edge emission characteristics

measure71 meV in full agreement with the hωH
op used in the TDH
0
ment simulations (excluding the case of samples C and C ).
The values extracted in the bulk region of samples B and C
are in agreement with those of A; hence, they are not discussed or
H
TABLE V. DX binding energy obtained from “Haynes” rule, EDX
and from the
TES
. The longitudinal optical phonon energy 
hωPL
DX-TES energy distance, EDX
op equal
to EDX-EDX−LO is also reported. All values are in meV.

A
B
C0
A0
B0
C

a

H
EDX

TES
EDX

hωPL
op

(51 ± 1)
(53 ± 1)
(50 ± 1)
(51 ± 1)
(51 ± 2)
(49 ± 1)
(51 ± 1)a
∼53a

(51 ± 1)

(71 ± 1)

(51 ± 1)
(50 ± 1)

(71 ± 1)
(70 ± 1)

Values extracted from high resolution PL spectra only.
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reported in Table V. In general, an overall post-H implantation
reduction of the PL signal has been observed. Furthermore, in this
case Dþ X, DX-TES and DX-LO related peaks are not distinguishable as can be seen by looking at the spectra shown in the lower
part of Fig. 7(a). This might be related to the weakening of the
crystal translational invariance caused by the implantation damage
discussed in Sec. IV B. On the other hand, in the case of Dþ X, LiZn
passivation, subsequent to the H or 2 H implantation, implies a
compensation reduction and correspondingly a lower concentration
of fully ionized AlZn donors at the temperature where the PL
spectra are acquired. Therefore, this eﬀect may also contribute to
the reduction of the Dþ X peak intensity. In addition, DX in sample
C appears to occur within the range of values observed in the case
of A, while a 1 meV redshift has been observed in the case of B.
High resolution PL measurements on the A-C series surfaces
shown in Fig. 8(a) conﬁrmed the presence of a  0:8 meV deviaH
values, as extracted
tion vs lower energies in this case. The EDX
from the spectra shown in Figs. 7(a) and 8(a) for both sample B
and C, are reported in Table V with the errors indicating the variation between the two measurements. It can be seen that a  2 meV
H
corresponds to the above mentioned DX line shift in
higher EDX
H
sample B. The exact physical mechanisms behind the higher EDX
observed in this case cannot be unambiguously addressed within
the present analysis, even though an interplay between the above
mentioned I6 =I6a lines seems plausible on the basis of published
0
0
results.44,75 The same analysis was conducted on the A -C series
and the corresponding results are also summarized in Table V.
0
Values extracted from the measurements performed on A as well
0
0
as on the virgin region 5–6 μm deep into samples B and C (not
included in Table V) are similar to the A-C case and the results
can be analogously interpreted. Concerning the spectra taken
2.4 μm deep into the implanted region, TES and DX-LO transi0
tions are still clearly visible also in the case of B , with indication of
0
0
their presence being found also in C . In the case of B , the values
H
TES
PL
for EDX , EDX , and hωop extracted are in agreement with what
0
found in the remaining samples, while for sample C a 1 meV

ARTICLE

scitation.org/journal/jap

lower activation energy is obtained due to an unambiguous shift of
the main peak towards lower localization energies. The presence of
H
equal to
three closely spaced lines with corresponding EDX
(49 + 1), (51 + 1) and 53 meV has been observed in high reso0
lution PL measurements performed on the surface of C as shown
in Fig. 8(b). The latter values are, as mentioned above, consistent
with being related to excitons bound to neutral AlZn , i.e., to I6 and
0
value
I6a lines, while the former is in agreement with the ED1
extracted from the TDH measurements. Here, it is not possible to
establish the nature of the defect involved in the latter recombination on the basis of already published results since it appears to be
located between the I4 line position assigned to HO and peaks
1 meV lower in energy that have been attributed to H3 -VZn or
0
H4 -VZn complexes.11,44,76,77 Considering that C is the sample with
the highest 2 H implanted concentration, these ﬁndings suggest that
damage and/or line broadening caused by the implantation are not
the main reasons for the absence of the D1 related peak in the
remaining samples. On the contrary, this points to other causes like
low ND1 or the diﬀerent nature of the defect responsible for the D1
0
level as possible reasons for its nonappearance in B, C, and B .
The latter hypothesis appears as more probable in light not only of
the results discussed in Subsections IV A and IV B, but also since
Li indiﬀusion has been reported not to introduce any new neutral
donor bound exciton line.78 Furthermore, emerging of a broad
0
shoulder at 3.358 meV has been observed in C [see Fig. 8(b)].
This additional signature is energetically located between the
expected position of the I8a and I9 lines44 and corresponds to an
activation energy of 58 meV. Considering that this value falls into
0
range extracted from TDH measurements (cf. Table IV)
the ED2
the concentration of the donor/s involved is limited to the
([Al] + [Ga]) uncertainty (cf. Table II). However, the impossibility
to clearly resolve the peak position, its intrinsic width as well as the
lack of additional signatures prevent a clear assignment. Finally, as
shown in Fig. 7(b), an additional peak at 3.355 meV has been
0
also observed on the surface of sample A and in the implanted
0
region of sample B with indication of its presence found also in
0
the bulk region of C , while not evident in other cases [see also
Fig. 8(b) where this peak is completely absent] as well as in the
H

A-C series. Since its localization energy corresponds to EDX
66 meV, i.e., close to  63 meV assigned to In,44 we attribute it to
the residual In content present in the samples (see also Table II).
D. Li contribution to the D1 level

FIG. 8. High resolution PL spectra normalized to the DX intensity for all the H
(a) and 2 H implanted samples (b) and their respective references. All spectra
have been measured on the sample surface in this case.
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As thoroughly discussed in Subsections IV B and IV C, the
results extracted from the TDH and NBE-PL measurements besides
being consistent with each other ﬁt within the proposed scenario
based on the reaction analysis. Then, on the basis of what is presented above, it is possible to quantify the Lii contribution to ND1 .
For taking into account Lii redistribution already occurring
0
after the 200  C annealing evident in the case of samples C and B
[see Figs. 2(c) and 2(b)], the diﬀerence between [Li] prior and after
the 400  C annealing averaged over dLi lean , labeled as [Lii ] hereafter,
has been evaluated (excluding the ﬁrst 200–600 nm where, depending on the sample, Li piling up is observed). Afterward, the diﬀerence
between [Lii ] and ΔND1 , obtained by subtracting the D1 concentra0
0
0
tions in the references A and A from ND1 of B/C and B /C

126, 125707-12
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FIG. 9. Difference between ΔND1 and [Lii ] vs the H or 2 H concentration introduced by implantation. The dashed line is drawn to indicate the zero only.
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that in hydrogen implanted HT-ZnO, the assignment of defect levels
presenting an activation energy of 40 meV and 50 meV to the
two hydrogen related conﬁgurations HO and HBC , respectively, has to
be done with care since Al and Li are present. In detail, the diﬀusion
of Zni s displaced during the H implantation creates Lii that can contribute to a carrier concentration increase of 1017 cm3 by providing a donor level with activation energy (40 + 4) meV and thus is
very close to the value of 47 meV expected for HO . The Lii amount
introduced decreases with the implanted H doses due to Lii retrapping by VZn and H-VZn defects. Therefore, when LiZn  1017 cm3 ,
H concentrations . 3  1018 cm3 have to be implanted to minimize this eﬀect and possibly achieve HO doping, even though no
ﬁrm evidence of HO formation has been found here. On the other
hand, Al is providing a donor level that is energetically very close to
the HBC one. However, its presence might be electrically fully
masked by the presence of LiZn that is passivating it. Following the H
or 2 H implantation, it is again providing carriers to the conduction
band due to the formation of neutral H-LiZn complexes and, therefore, removal of compensation.
ACKNOWLEDGMENTS

respectively, has been computed. The obtained values are plotted in
Fig. 9 against the H/2 H concentration introduced by implantation. It
is found, on the basis of this comparison, that if the H or 2 H
implanted concentration is & 3  1018 cm3 Lii donor activity is
contributing to ΔND1 70%–80% and 30% in case of samples B/C
0
and B , respectively. Furthermore, by looking at Fig. 9, it can be seen
that, even though up to sample C, the measured [Lii ] can account
for ΔND1 , the data points are progressively upshifting. This suggests
the presence of one or more additional donors besides Lii with close
activation energy that are increasingly contributing to ΔND1 .
As mentioned above, on the basis of the investigation
performed, it is not possible to attribute ﬁrmly this additional con0
tribution to HO even though in sample C where [Lii ] is negligible
0
H
ED1 and EDX as extracted from TDH and PL measurements, respectively, would be in good agreement with this assignment. However,
even by assigning the residual ΔND1 exclusively to HO , the results
presented in Fig. 9 indicate that the H/2 H percentage acting as a
donor is in the 1%–2% range. This value is up to 2 orders of
magnitude lower with respect to previous studies performed on
samples originating from the same vendor as series A-D and
implanted with [H] up to 3  1018 cm3 .9,11 Finally, here it is
worth underlining that the annealing dependence of the extracted
shallow donor concentrations presented in the same studies can
also be easily explained in light of the present results. That is, a
1  3  1017 cm3 reduction in the concentration of donors with
activation energy in the 28-46 meV range has been observed after
an annealing at 400  C. This decrease was attributed to a H
reduced donor formation or H eﬀusion, while, in the light of the
results presented here, this eﬀect appears to be, at least partly, most
probably related to the Lii out-diﬀusion from the implanted region
as shown in Fig. 2 and thoroughly discussed above.
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APPENDIX: EXTRACTION OF THE H/2 H IMPLANTED
LAYER CONTRIBUTION
The measured Hall mobility, μTH , and Hall carrier concentration, nTH , corrected for the contact size eﬀect79 and evaluated using
the wafers nominal thickness, dT , equal to (500 + 50) μm are
0
0
0
shown in Fig. 10 for samples A, B, C and A , B , C . Measurements
taken below the displayed temperature exhibited clear asymmetries
depending on the magnetic ﬁeld direction; hence, they are neither
shown nor discussed hereafter. In the present study, the extended
multilayer model for top surface placed contacts has been used to
extract the contribution of the H or 2 H implanted layer to the Hall
measurements.80 In the case of a two layer structure in this
approach, μTH and nTH are related to the contributions from the
layers i and j according to the following equations:

V. CONCLUSIONS
In this work, an alternative scenario concerning the eﬀect of H
or 2 H implantation in HT-ZnO is proposed. In detail, it is shown
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μTH ¼

j2

j

j

j

μiH2 niH di þ μH nH d j t 2
μiH niH di þ μH nH d j t

,

(A1)

126, 125707-13

Journal of
Applied Physics

ARTICLE

scitation.org/journal/jap

Eqs. (A1)–(A3) is not limited to the two layer case. That is, in the
case of a multilayered structure by iterating the two layer approach,
the electrical properties of the layer of interest can be extracted if,
besides the overall Hall carrier concentration and mobility, the electrical parameters of the remaining ones are also known independently.

1. Surface layer contribution

FIG. 10. Hall carrier concentration (a) and Hall mobility (b) of samples A, B, C
0
0
0
and A , B , C corrected for the contact size assuming an uniform
(500 + 50) μm thick layer equal to the wafers nominal thickness.

j

nTH

j

1

j

1þ

j

j

μH nH 2di d j
μiH niH S

,

j

ddeg 

2

1 (μiH niH di þ μH nH d j t)
¼
,
dT μiH2 niH di þ μHj 2 nHj d j t 2
t¼

(A2)
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nexp,sheet
,
ndeg (T)jEF ¼EC

(A4)

where ndeg (T) is evaluated according to
(A3)

where μiH , niH , di , and μH , nH , d j are the Hall mobility, Hall carrier
concentration, and layer thickness of the upper layer i and lower
lying layer j, respectively. The analysis employed here diﬀers from
the ordinary multilayer analysis employed in other cases (see, for
example, Ref. 71) for the presence of t. This correction factor
accounts for the fact that two layers i and j are only partially connected in parallel to each other through the areas lying below the
contacts that are assumed to have a surface extension equal to S.
Here, it is also worth mentioning that such an analysis based on

J. Appl. Phys. 126, 125707 (2019); doi: 10.1063/1.5115597

Surface layer conductivity has been shown to be present in
commercially available as received81–84 as well as annealed ZnO
wafers.28,85,86 Furthermore, it has been shown by using variable ﬁeld
magnetotransport measurements that the surface layer might play a
major role in lowering the mobility peak from 1100 cm2 V1 s1
down to 400 cm2 V1 s1 when TDH measurements are performed on highly compensated ZnO.82
In our study, experimental evidence for the presence of
0
residual surface conduction has been found only in C and C , as
T
can be seen in Fig. 10. In these cases, nH data exhibit a plateau that
indicates the presence of a degenerate layer, in the 30–40 K and
20–40 K range, respectively. To eliminate this contribution by using
Eqs. (A1)–(A3), it has been assumed that the residual conductivity
of the highly degenerate surface layer fully accounts for the measured Hall mobility, μexp , and Hall carrier sheet concentration,
0
nexp,sheet , at 30 K and 20 K for samples C and C , respectively. If that
is the case, neither the measured mobility nor the measured carrier
concentration has to be corrected for rH in the temperature range
mentioned above.39 Secondly, both μexp and nexp,sheet have been considered constant all over the temperature range scanned during the
measurements, as theoretically expected.39 It is worth noting that
an exact estimate of the degenerate surface layer extension, ddeg , is
not crucial for determining the implanted layer electrical characteristics since the actual key quantities in Eqs. (A1) and (A2) are the
sheet carrier concentrations and mobilities. However, to compare the
present approximation with the results reported in the literature, an
upper bound for ddeg has also been calculated by considering as
uniform the carrier concentration, ndeg (T), in the degenerate layer.
Then, since the Fermi level, EF , is expected to be pinned at or above
EC , an upper bound for ddeg can be calculated as

ndeg (T) ¼

ð þ1
EC

3=2
(m* ) pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
dE,
2ðE  EC Þ (EE )=k T
C
B
e
þ1
π 2 h3

(A5)

with h being the reduced Planck constant, while T is set equal to
0
30 K and 20 K for C and C , respectively.
The percentage correction to the Hall measurements due to
the presence of the degenerate layer obtained by using the values
listed in Table VI for μexp , nexp,sheet , and ddeg are shown in Fig. 11.
It can be seen that the surface conduction is dominating at temperature below 50 K, as expected. On the contrary, at higher temperatures, the degenerate layer contribution to the overall measurements
is progressively reducing since the Hall carrier concentration and
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TABLE VI. The mobility μexp, sheet carrier concentration, nexp,sheet, extension of the
degenerate layer, ddeg, and extension of the H or 2H implanted layer, dimpl, used to
perform the multilayer analysis.

Sample
B
C0
B0
C

μexp
(cm2 V−1 s−1)

nexp,sheet
(cm−2)

ddeg
(nm)

47 ± 4

(2.1 ± 0.1)×1011

23 ± 2

27 ± 4

(2.2 ± 0.3)×1011

40 ± 10

dimpl
(μm)
2.9 ± 0.3
3.6 ± 0.4
4.3 ± 0.4
5.7 ± 0.6

Hall mobility of the underlying layers are signiﬁcantly increasing and
it is ≲2‰ at RT, in agreement with previous studies.71,82
The values reported in the literature for the surface
layer mobility in HT-ZnO at low temperature vary in the

scitation.org/journal/jap

7–16 cm2 V1 s1 range.81 More recently, an upper room temperature limit of 30 cm2 V1 s1 has been determined by quantitative mobility spectrum analysis using magnetic ﬁelds up to 35 T by
Allen et al.82 These ﬁndings are in excellent agreement with the
μexp values found here (see Table VI). The same holds for the esti1 order of magnitude
mates of nexp,sheet , even though values
higher have been observed as well.81 On the contrary, the ddeg
range is about ten times larger compared to previous report.81,82
This suggests that EF might be considerably above EC in our case.
However, it is important to underline that experimental evidence of
0
the presence of such a layer has been found only in C and C ,
i.e., the samples with the highest implanted [H] and [2 H].
Furthermore, this also indicates that introduction of the additional
annealing for 30 min in air at 200  C does not aﬀect its presence.
Hence, the present results are suggesting that residual implantation
damage and/or H itself might play a relevant role in the formation
of a degenerate layer as it was also concluded after forming gas
annealing.87 Therefore, the agreement found with previous published results, where the degenerate surface layer presence has been
attributed to accumulation of extrinsic donors near the surface,84
residual surface adsorbed species,88 or intrinsic defects,89 might be
purely accidental and a more detailed investigation is required.
2. Substrate contribution
0

FIG. 11. Percentage surface layer and substrate contribution to the overall (a)
Hall carrier concentration and (b) Hall mobility measurements. As discussed in
the text, the surface layer correction has been performed only for samples C
0
and C , since, only in this case, the experimental evidence for the presence of
residual surface conduction has been found.
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0

The H and 2 H chemical proﬁles in samples B, C, and B , C
are shown in Figs. 1(a) and 1(b), respectively. As mentioned in
Subsection III B, the depth interval, where the conditions [H].[Li]
and [2 H].[Li] hold, have been assumed as estimates for dimpl in
0
0
samples B-C and B -C , respectively. Then, these values, also
reported in Table VI, have been used to extract the Hall mobility
and the Hall carrier concentration of the H and 2 H implanted
layers through Eq. (A1)–(A3), while assuming the remaining part
of the samples electrically equal to the corresponding reference A
0
or A . The percentage of the substrate contributions to the overall
Hall measurements is shown in Fig. 11. The largest correction on
the low temperature side (150 K) is occurring to sample B and it
accounts for ∼0.01‰ and ∼0.005‰ of the overall Hall carrier concentration and Hall mobility, respectively. This justiﬁes the assumption of neglecting, in the implanted samples, any substrate inﬂuence
to the Hall measurements performed at lower temperatures than the
0
ones achievable in the case of A and A . On the other hand, as the
temperature raises, the substrate contribution is progressively increasing with a strong dependence on the implanted layer vs substrate relative electrical characteristics. Since [H] is *[Li] in sample B [see
Fig. 1(a)], the carrier concentration normalized to the wafer thickness appears to be dominated by the substrate contribution for temperatures above 270 K. That is, in this case at 330 K, the measured
Hall carrier concentration is only 15% larger than in A. Here, it is
also worth mentioning that, for sample B at temperatures * 290 K,
j2 j
the physical inequality μTH 2 nTH dT . μH nH d j necessary to obtain posj
itive values for μiH and niH is not satisﬁed over the whole μTH , nTH , μH ,
j
and nH error ranges. Hence, the extraction of the H implanted layer
electrical properties has been performed under the assumption of a
minimum substrate contribution, that is, in this case the minimum
Hall mobility and Hall carrier concentration of sample A within the
j
j
error range have been used as values for μH and nH , respectively.
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