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Abstract. Zinc is often regarded as an alternative to magnesium p-type dopant in gallium
nitride. However, besides many theoretical predictions, at present there are poor data on experimentally
revealed p-type conductivity and evaluation of Zn activation energy by means of electrical transport
measurements. In this paper ammonothermal crystallization of bulk GaN:Zn monocrystals is reported.
Despite a high doping level of Zn (up to 2x10%° cm®), p-type conductivity with hole concentration as
low as of 4x10*° cm™ at room temperature and mobility about 3 cm?/Vs was observed. A deep nature
of the Zn acceptor was proved, as the ionization energy can exceed 260 meV. In addition, conduction

in the impurity band appeared at temperature as high as room temperature.



. Introduction.

Quantum structures based on GaN and its ternary InGaN and AlGaN alloys are suitable
materials for blue and green optoelectronics [1], as well as electronic power devices of outstanding
reliability and high operating voltages (above 1kV) [2,3,4]. The undisputable success in worldwide
commercialization of white LEDs and blue semiconductor lasers in everyday life has been possible
thanks to the achievement of effective p-type doping in GaN [5]. This aspect was highly appreciated by
granting a Nobel Prize to prof. S. Nakamura, prof. H. Amano and prof. I. Akasaki in 2014 for their
invention of GaN-based white LEDs.

At present, the only effective p-type dopant used in device applications is Mg substituting Ga
site (Mgaa) [6,7]. Experimentally observed ionization energy of the Mg acceptor is relatively high (150-
200 meV) [8]. Thus, only a small part of Mg acceptors give rise to p-type conductivity at room
temperature (RT). Doping efficiency is low, but still high enough to treat Mg as the most common
workable p-type dopant in GaN. In the case of GaN:Mg crystals or epitaxial layers grown by methods
involving hydrogen- rich environment, the activation of Mg by high-temperature annealing is necessary
[5]. According to common knowledge, this procedure removes hydrogen from electrically neutral Mg-
H complexes.

In parallel, the search for other alternative p-type dopants has been carried out (Be, C and Zn).
Despite the lowest reported ionization energy (1135 meV) of Be in GaN [9], the RT p-type conductivity
cannot be accomplished in GaN:Be and no p-n junctions have so far been realized utilizing Be as a p-
type dopant. The main obstacle could be the strong compensation by Be interstitials [10]. In the case of
carbon substituting nitrogen atoms (Cn), its acceptor level is located very high (0.9 eV) above the valence
band maximum (vbm) [11]. GaN:C samples have been highly resistive at RT and p-type conductivity
has been revealed only at high temperature [12]. Activation of acceptor traps of an unrecognized nature
was also recently reported as an effective p-type dopant in nitride-based structures [13].

Zn substituting Ga sites (Znea) is considered as another possible acceptor in GaN. Zn-doped
GaN is known for its intense blue luminescence (BL) peaked at about 2.8 eV [14]. The optical properties
of Znga have been studied since the 1970s [14,15]. Zn was even used as an intentional dopant in InGaN
active regions of early LEDs, giving blue emission from the InGaN/GaN structures [16]. The BL is the
result of the electron transition from the conduction band or shallow donors to the acceptor level
associated with Zn (so-called e-A or DAP transitions, respectively) [17]. The first ab initio calculations
predicted that Znga in wurtzite GaN was an acceptor with binding energy 330-400 meV [18,19]. This is
in agreement with the value experimentally deduced from optical spectroscopy [15]. Later calculations
updated this value to 450 meV and suggested a polaronic nature of the Zn acceptor in GaN [20]. The



ionization energy of Zn is higher than that of the Mg acceptor, which reduces the importance of Zn as a
viable candidate for an efficient p-type dopant. Indeed, all of the GaN:Zn samples studied so far have
been n-type or highly resistive. In particular, the Zn substituting N-site (Znn) was proposed to explain
the high resistivity, since Znn can accept up to three electrons from the nearest donors, making the
material semi-insulating [14,21]. Several deep levels related to different charge states of Zny may lead
to various optical transitions observed experimentally at 2.5 eV, 2.2 eV, and 1.8 eV [15]. To the best of
our knowledge, there are no papers evidently showing p-type RT conductivity of bulk or epitaxial
GaN:Zn. Only some recent studies on p-type Zn-doped GaN films deposited on Si(100) and glass
substrates by RF reactive sputtering at 100-400 °C were reported [22]. The obtained polycrystalline films
possess free hole concentration of 6.1x10'7 cm™ with the mobility of 17.7 cm?/Vs and electrical
conductivity of 1.72 S/cm at RT without any post-growth annealing. In this work we demonstrated for
the first time p-type conductivity in monocrystalline bulk GaN:Zn crystals obtained by ammonothermal
method in basic environment, proving experimentally that the Zn dopant can contribute to p-type
conductivity in GaN. In particular, we evaluated the basic electrical properties of the examined material,
including the ionization energy of the Zn acceptor.

1. Experimental.

The ammonothermal process of GaN:Zn, performed at the temperature of 450-550 °C and
pressure of 200-400 MPa, took advantage of a highly reactive supercritical ammonia solution in an
appropriate temperature gradient. The dissolved feedstock material (metallic Ga and Zn of 6N purity)
was transported via convection to the crystallization zone, where GaN was deposited on native seeds
due to supersaturation of the solution. The details of the ammonothermal method of GaN growth have
been described elsewhere [23,24]. Three processes with different amount of Zn (increasing from sample
#1 to #3) introduced into the autoclave were performed. The resulting as-grown c-plane oriented crystals
(grown along the [0001]-axis) were 1 mm thick and 10 mm x 15 mm in size. No post-growth annealing
was performed.

Table I. SIMS analysis of chemical elements in GaN:Zn and reference ammonothermal GaN

samples.
Sample Zn O H Si Mg Mn Fe C
(em?) | (em3) | (m?®) | (em?) |(m?) | (cm3) |(cm3) | (cm?)
#1 2.5x10'° [1.6x10'° | 3x10'° |1.6x10%® |3x10% |6.2x10% |3x10% | 3x10'6
#2 6.2x10%° | 9x10%8 [2.3x10%° [9.5x10% | 3x10'" |1.1x10'7 [7.3x10'° | 3x10%
#3 2x10%0 | 1x10%° | 1x10% | 1x10™® |1x10Y" | 2x10%" |7x10% |2.5x10%




reference |7.3x10'® |1.5x10'° | 7x10*® [2.3x10%" [7.3x10 2.5x10% [7.3x10'® |5.2x10'°
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Fig. 1. Concentration of chemical elements measured as a function of bombarding ion depth by SIMS
method for sample #3.

Small 5 mm x 5 mm samples were cut out from the resulting crystals for Secondary lon Mass
Spectrometry (SIMS) and electrical characterization. The SIMS measurements were performed on the
N-face of the samples after polishing off at least 100 um from the as-grown surface. The aim of such
procedure was to avoid measurements on as-grown surface, on which uncontrolled deposition could
occur due to the contact with ammonia solution at the process termination and during autoclave cooling.
The etching depth of O and Cs™ bombarding ions was up to 2.5 um and 10 um, respectively. This way,
the depth dependence of the secondary ion count was stabilized after a possible uncontrolled surface
contamination due to sample polishing. The concentrations for different elements are uniform
throughout the scan depth in SIMS. A typical SIMS in-depth profile (sample #3) is presented in Fig. 1.
The SIMS results of all the investigated samples are presented in Table I. It can be seen the dominating
chemical element in all the investigated samples was Zn with the concentration between 2.5x10° cm™
in sample #1 and 2x10%° cm™ in sample #3. Other elements with high concentrations, comparable to this
of Zn, are oxygen and hydrogen. As far as oxygen has been ascertained the main donor dopant in GaN
and the main unintentional impurity in ammonothermal method [24] (see the results of reference,

intentionally Zn undoped n-type sample in Table 1), the role of hydrogen has not yet been clearly



explained. It is generally assumed that hydrogen is an amphoteric impurity in GaN. In the case of p-type
material with the Fermi level Er located close to the vbm, the positive charged H* is stable and H acts
as a donor [25]. The situation was not so evident in the samples investigated in this work. In the analysis,
we neglected the presence of hydrogen, assuming that this dopant does not reveal a definite donor or
acceptor character. It may also form complexes with intrinsic or extrinsic defects. The concentration of
other residual elements (Si, Mg, Mn, and Fe) did not exceed ~1x10'® cm. These elements, inherent to
the growth process character, correspond to the unintentional impurities present in the reference,
unintentionally doped sample (Table I). The concentrations of these elements (in particular Mg) are too
low to control the electrical parameters of the material.

For electrical measurements the Ga-face of the 5mm x5 mm samples were polished
mechanically, cleaned and exposed to inductively coupled plasma (ICP) non-selective etching. Ni/Au
ohmic contacts in van der Pauw configuration were deposited on such a prepared surface and annealed
at 500 °C for a few minutes under atmosphere of N2 with 20% admixture of O2. The van der Pauw
method was used to measure resistivity p and Hall effect in a temperature range 77 — 1000K. The
measurement parameters were controlled to ensure ohmic conditions.

1.  Results of electron transport characterization.

The Hall carrier concentration p+ and Hall mobility pn can be expressed in terms of the Hall
constant Ry by the following relations:

_Vmd _ T

R =" = @
—_1 _Ru

Mo = e~ 2)

where V4 is the Hall voltage, | — electric current intensity, B- magnetic field induction, p —
resistivity, g — electron/hole charge, d - thickness of the sample, r - carrier scattering factor, in our case
it was assumed to be equal to 1.

The experimental results of resistivity vs inverse temperature are presented in Fig. 2. For sample
#3, measured in the widest temperature range (1.1<1000/T<12), three characteristic temperature ranges
(A, B and C marked in Fig. 1) of the p(T) dependence could be distinguished. In the higher temperature
range A (1.1<1000/T<2.2) the resistivity exponentially decreased with the increasing temperature. This
suggests a temperature activation of holes from the Zn acceptor to the valence band. The characteristic
energy of the exponential decay (slope of the experimental p(1/T)) was determined at ~Ea=280 meV. In
the lower temperature regime B (2.2<1000/T<5) the resistivity curve of sample #3 started to reduce its
slope to achieve Ea~70 meV in region C (1000/T>5). An emergence of contribution of another shallower

acceptor is rather impossible. The observed behavior could be explained in terms of the conduction via



hopping transport within the impurity band associated with the Zn acceptor. In highly doped samples
the mean distance between the impurity atoms is low, enabling an efficient overlap between their orbital
wave functions. In this way, an impurity band of the finite width is formed and holes can hop between
different impurity atoms. A similar observation of hopping conductivity at relatively high temperature
was published in the case of heavily Mg-doped epitaxial layers [8,26,27]. In region C, this mechanism
dominated the conduction process. We assumed that the resistivity in this region obeyed the Mott’s law
of variable range hopping and the conduction process could be described by the phenomenological

expression of resistivity:
T
p(T) = poexp(HY/* €)
where o is the proportionality factor and To is the characteristic temperature [28]. Such a character of

the p(T) dependence is visualized in the inset of Fig. 2, where a linear behavior of resistivity vs. T-Y* is

observed (in a logarithmic scale). In region B, both transport in valence band and hopping mechanisms

coexist.
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Fig. 2. Results of resistivity vs. inverse temperature measurements for samples #1, #2 and #3. Three
regions of different transport mechanisms are marked and separated by red dashed lines: thermally
activated conduction regime (A), hopping influenced (mixed) regime (B), hopping dominated regime
(C). The solid lines represent solution of charge neutrality equation in region A (using parameters listed
in Table 11). The inset shows resistivity vs. T** in region C and fit of the Mott’s law (solid line). The
fitting parameters in hopping regime are p,= 1.1x10° Qcm; To=75.4 K).

The resistivity of sample #1 and #2 was measured mainly in region A (high temperature range).
The resistivity of sample #2 in the whole investigated temperature range was very similar to sample #3



(with Ea=320 meV). For sample #1 it was higher by about two orders of magnitude than in sample #2,
while its slope (Ea=450 meV) was higher than in the case of samples #2 and #3. This effect can be
simply related to the difference of the compensation degree of the material. One can suppose that sample
#1 is more compensated then sample #2 and #3 (see Zn and O concentrations in Table I).

An important point of the presented study is the temperature dependence of the Hall effect
(measured for samples #2 and #3), in particular measurements of Hall effect at RT. The results from RT
(possible only for sample #3) are presented in Fig. 3. The Hall voltage measurements were performed
by the van der Pauw approach [29] combined with the measurements as a function of the magnetic field
B varying in the range between - 0.8 T and 0.8 T. A small value of the Hall voltage (35-65 pV) results
from the large thickness of the bulk sample (275 um). The Hall carrier concentration was calculated
from the slope of the Hall voltage versus B: dVnan/dB. Despite the light dispersion of the experimental
points, their linear dependence on the magnetic field with a slope dVn/dB=+0.016 mV/T does not raise
doubts. The positive dVx/dB value indicates p-type conductivity in this sample. From this slope value
and the measured sample resistivity p=560 Q2cm the following RT parameters can be evaluated (Eq. 1
and 2): Hall hole concentration pran = 7x10* cm™ and Hall hole mobility pn = 0.16 cm2/Vs. The low

hole concentration for Zn concentration equal to 2x10?° cm means poor efficiency of Zn acceptors.

-0.035F " T T ]
t sample #3 ]

RT
-0.040 |

-0.045 £

-0.050

Hall voltage (mV)

-0.055 £

-0.060 F dv,/dB=+0.016 mV/T

0065
1.0 05 0.0 0.5 1.0

Magnetic field (Tesla)
Fig. 3. The dependence of Hall voltage vs. magnetic field of sample #3, together with linear fit, yielding
the Hall hole concentration at room temperature: py=7x10® cm,
The temperature dependence of the hole concentration for samples #2 and #3 is presented in Fig. 4. For

both samples the concentration increased as a function of temperature to more than 1x10'® cm™ at



T>700K. At the same time the mobility increased with temperature from ~0.1 cm?/Vs (at RT) to a small,
but rather typical of p-type GaN value of about 2-3 cm?/V in the high temperature range (Fig. 5). We
attribute the increase of experimentally observed mobility below 400 K to an artefact related to the
hopping contribution in the conduction process. Taking into account the hopping contribution in mixed
regime (B), we extract the free hole mobility value in the valence band () in the whole temperature

range. This mobility is temperature independent.
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Fig. 4. Raw experimental data of Hall hole concentration pnan plotted as a function of inversed
temperature (full blue rectangles for sample #2 and open green circles for sample #3) and free hole
concentration py (full green circles) obtained by extraction of hopping contribution (only for sample #3).

Solid lines represent the description by charge neutrality equation with parameters listed in Table II.
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Fig. 5. Temperature dependence of mobility of sample #3 in the regions of single activation regime (A)
and mixed regime (B) marked and separated by red dashed line. Open green circles correspond to the
experimentally measured Hall mobility and full green circles to the extracted value of free hole mobility

(Mv) in the valence band.



IV.  Hopping conductivity.

It can be seen in Fig. 2 that for temperature values close to RT the resistivity of sample #3 falls
into the mixed regime and the contribution from the valence band conduction should be extracted from
the raw pran data presented in Fig. 4 and 5. The Hall coefficient in the case of two types of carriers of
concentration values ni, n2 and corresponding mobility values pi, Y2, (conductivities o1, o»), can be

described as:

ping+uin, _ 0fRy1+05Ru; (3)
e(iqny+yny)? (01+071)2

Ry =

where e is the elementary charge and Ry - the Hall coefficient of each component Rui=1/en;

(i=1,2). In our situation, we followed the analysis by Schklovskii and Efross [30] and assumed that the
carriers were divided into two groups: 1) valence band holes characterized by concentration py, mobility
ty and Hall coefficient Rny; 2) impurity band carriers characterized by hopping conductivity on and
hopping mobility pn=Runon (Rrh — Hall coefficient of hopping holes). As a result, the experimentally

measured Hall coefficient can be described by:

02Ryy+o
RH — JvfHy hHh (4)
(optop)?

We assumed further that the hopping mobility was negligible, as compared to the band mobility, so we
neglected the term o, u, In EQ. 4. In GaN:Mg epitaxial layers the hopping mobility of about 0.001
cm?/Vs was estimated, much lower than the band hole mobility of a few cm?/Vs [31]. Thus, neglecting
the hopping mobility (constituting 0.1% of band hole mobility) is a very reasonable approximation also
in GaN:Zn.

However, the hopping carriers still contribute to the total conductivity of the sample.

Consequently, the band carrier concentration can be obtained from experimental Hall coefficient:

1 _ _
Py = s (L4272 = pran( )’ (5)

Oy

We assumed here that o is the total conductivity (related to the experimental resistivity p):
o=ont+ov=1/p. To extract py, on had to be calculated for each point of experimental pran shown in Fig.
4. This was carried out by an extrapolation of Mott’s law from the hopping region (inset in Fig. 2) to
mixed (B) and single activation region (A).

The extracted py values for sample #3 are presented in Fig. 4 as full green circles. It can be seen
that at near room temperature a correction for hopping was still substantial, while in the activation region

A it was negligible, as expected. The corrected RT valence band hole concentration py was as low as



(4+1)x10'° cm™. Due to the larger quantity of oxygen donors (Figure 1), Mg with concentration 1-3x10%
cm can be neglected as all of them should be compensated. Moreover, at high temperature the hole
density far exceeds the Mg SIMS concentration, so the dominant source of holes are Zn acceptors. The
extracted values of free holes mobility (sample #3) in the valence band, pv, are presented in Fig. 5 as
full green circles. In the entire investigated temperature range the carrier mobility in the valence band
can be considered constant and equal to about ~2-4 cm#/V/s. This can be understood by the fact that
measured range of mobility falls into the broad maximum of its temperature dependence, where both
effects of ionized impurities and phonon scattering are important. A similar behavior was observed in
the case of low mobility GaN:Mg layers [26].

V. Discussion.

The hole concentration py (samples #2 and #3) and resistivity (samples #1, #2nd ad #3) can be
tentatively described in the frame of the carrier occupation statistics. The measured py can be described

by a numerical solution of the charge neutrality equation [32] in the form:

N
+N},=n.+ N, =n.+ o 6
by DO c AZn c 1+gzn_exp(EanBTEF) ( )

where py and nc are concentration of holes and electrons (in our case nc is negligible, since all
donors act as compensating centers and do not provide electrons to the conduction band) in the valence
and conduction bands, respectively, N3, — concentration of ionized oxygen donors (equal to
concentration of neutral donors Npo, since all donors compensate acceptor states),N,, - concentration
of ionized Zn acceptors, gzn is the degeneracy factor of the Zn acceptor level. An important parameter
of this analysis is the Zn acceptor ionization energy Ez, with respect to the vbm.

The solid lines in Figs. 2 and 4 represent the description of the inverse temperature dependence
of resistivity and valence band hole concentration, respectively. In unintentionally doped with oxygen
n-type ammonothermal GaN (of oxygen concentration 1-2x10'° cm) the free electron concentration
follows the oxygen content [24]. Thus, in the first approach we assigned and fixed the Npo parameter
with the SIMS oxygen concentration (Table I). Then, we described the experimental py(T) and p(T) using
Nzn and Ezn as the fitting parameters. The calculations were done using the parameters listed in Table I1.
The gzn parameter was assumed to equal 1 and the mean hole effective mass mn'=1.5mog (mo —free
electron mass) [33]. We further assumed that the location of the Zn acceptor level with respect to the
vbm did not change with temperature. When modeling the resistivity, it was assumed that the mobility
of holes in the valence band was constant and independent of temperature. The highest Ezn.=350 meV

was observed for the most compensated sample #1. The ionization energy was lower for samples #2 and



#3 (300 meV and 260 meV, respectively). Such a decrease of ionization energy may be a consequence
of electrostatic interaction screening by impurities, as observed in heavily doped GaN:Mg [34]. Such a
hypothesis was confirmed by the observation of hopping transport in sample #3. The obtained Nz» values
were similar to the Zn content measured by SIMS for samples #1 and #2, while the calculated Nz, was
much lower than the SIMS value for sample #3. We speculate that this effect could be due to a decrease
of the Zn doping efficiency (at Ga-sites) with increasing the doping level (Zn amount introduced into
the growth zone). It seems that the doping efficiency was optimal for sample #2. However, this

phenomenon requires further detailed research.

Table Il. Parameters obtained by modeling of py(T) and p(T) experimental data by carrier
occupation statistics (Eg. 6). Theoretical py at RT is also given. For benchmarking purpose literature data
for GaN:Mg are provided [26,27,34] in the last column (Na-Np — effective density of acceptors, Emg —

ionization energy of Mg acceptor).

GaN:Mg
Sample #1 Sample #2 Sample #3
enchmar
(benchmark)
Npo
(fixed) 1.6x10%° 9x10'8 1x10% -
(cm)
N
“ 1x1018-1x10%
(SIMS) 2.5x10%° 6.2x10%° 2x10%°
(cm®) (Na-Rlo)
Nzn
(1.700.03) 1x10'8-1x102
(model) (6.2£0.5)x10%° | (3+1)x10°
( 3) x10% (Na-Np)
cm-
Ezn
(mev) 350+5 300+10 260+20 Emg=50-220
me
atRT
b 2x101%3 3x1015 1.7x10% | 5x10%-1x1019
(cm)
cm-
Mv at RT
2.2 14 3.3 <60
(cm?/Vs)

It should be underlined that the ionization energy of Zn impurity value and other fitting

parameters used in the calculations must be handled with care. One should bear in mind that there are




still many open questions that may have a large impact on the real parameters Na and Np. Firstly, not all
the incorporated Zn atoms may occupy Ga-sites, as mentioned earlier. The location of Zn at N-sites
cannot be excluded [15,21]. Secondly, it is not known how other point defects (intrinsic or extrinsic)
influence the electrical properties of GaN:Zn. In particular, the role of hydrogen is not clarified.
Nevertheless, the deep nature of the Zn acceptor contributing to p-type conductivity was experimentally
confirmed with the value of acceptor binding energy Ezn about 350 meV. The range of experimentally
determined ionization energy of the Zn acceptor contains higher values than the reported for GaN:Mg
[26,34], while the RT hole concentration is significantly lower (Table 1I). Precise values of ionization
energies should be determined after a more detailed investigation, including photoluminescence,

capacitance-voltage, and others.

VI.  Summary.

To summarize, the electrical properties of bulk GaN:Zn grown by ammonothermal method
were studied. In the examined samples, Zn was the dominant acceptor and it gave rise to p-type
conductivity observed at RT and elevated temperatures. The conduction activation process could be
described by the energy position of the Znca acceptor level higher than 260-280 meV above vbm. The
ionization energy of Zn was larger than typical values obtained for Mg in GaN crystals [8,34]. As a
consequence, despite a high doping level, a very low hole concentration of 4x10° cm was observed at
RT. RT resistivity of 1x10% Qcm was measured, which corresponded to very low mobility (=3 cm?/Vs).
In addition, the observation of hopping conductivity indicated the formation of a broad impurity band.

It seems that although Zn gives undoubtedly p-type doping, its technological use is challenging.
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