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Mobility analysis of highly conducting thin films: Application to ZnO
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Hall-effect measurements have been performed on a series of highly conductive thin films of
Ga-doped ZnO grown by pulsed laser deposition and annealed in a forming-gas atmosphere (5% H,
in Ar). The mobility as a function of thickness d is analyzed by a simple formula involving only
ionized-impurity and boundary scattering and having a single fitting parameter, the acceptor/donor

concentration ratio K=N,/Np.

For samples with d=3-100 nm, K,,=0.41, giving Np=4.7

X 10 and N,=1.9X10* cm™. Thicker samples require a two-layer formulation due to
inhomogeneous annealing. © 2010 American Institute of Physics. [doi:10.1063/1.3310043]

Highly conducting thin films of ZnO are useful in many
applications, including: (1) transparent electrodes for flat-
panel displays and photovoltaic cells; (2) low-emissivity
windows; (3) window defrosters; (4) light-emitting diodes;
(5) laser diodes; and (6) prototype materials for transparent
thin-film transistors."™* A key figure of merit for such films is
the resistivity p; however, p depends on two more fundamen-
tal parameters, namely, mobility w, and carrier concentration
n. Even more fundamentally, « and n depend on donor Np
and acceptor N, concentrations, and these quantities must be
determined for a complete understanding of the material. >
To illustrate this point, if n=1X10*" cm™ and N,/Np
=0.5, both obtainable in ZnO, then p=2.2X 107* Qcm, a
competitive value; however, if N can be reduced such that
No/Np=0, then p=7.5X107 Q cm, a superb value. The
determination of Ny and N, in highly conductive semicon-
ductor materials requires an analysis of mobility u, which
seldom appears in the literature. Here we introduce a simple,
analytical method that can be applied to determine Np and
Ny from p and n. This method includes the effects of bound-
ary scattering, which is especially important for layers thin-
ner than about 50 nm.

Ga-doped ZnO samples, spanning a thickness range of
3-283 nm, were grown by pulsed laser deposition using a
99.99%-pure ZnO target containing 3 wt % Ga203.7 The sub-
strate was Si, coated with a 1-um-thick layer of SiO,, for
electrical isolation, and the substrate temperature during
growth was held at 400 °C. Thicknesses were measured by
spectroscopic ellipsometry. After growth, the samples were
subjected to rapid thermal annealing in forming gas (5% H,
in Ar) at 400 °C for 10 min. Temperature-dependent Hall-
effect measurements were performed over the range 15-320
K with a LakeShore 7507 apparatus. Ohmic contacts were
achieved by soldering small dots of indium onto the corners
of 5 mm X5 mm samples. The measured carrier concentra-
tion n was independent of temperature at all thicknesses, and
moreover was independent of thickness d up to about 110
nm; however, for thicker samples, the measured n decreased
weakly with d. For the samples with d=110 nm, n had an
average value of 2.8 X 10* ¢m™. The mobility u, on the
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other hand, increased from 1 to 35 cm?/V s as d increased
from 3-110 nm, and then, surprisingly, decreased for d
>110 nm. Below we demonstrate excellent quantitative
agreement with a model that explains this behaviour by in-
voking two different effects: boundary scattering at the lower
thicknesses, and nonuniform H passivation from the forming
gas (FG) at the higher thicknesses.

The mobility data at both 20 and 250 K are presented in
Fig. 1. (At 300 K, the values are only slightly lower than
those at 250 K, but 300 K data were not available for all
samples.) Although here we will explicitly fit only the 20 K
data, clearly the fitting parameters for the 250 and 300 K
data sets would be very similar. Because of the high concen-
tration of ionized Ga donors in the sample, we expect that
the scattering over the whole temperature range will be
dominated by charged donors and acceptors, not phonons.
Furthermore, n is independent of temperature so we employ
the degenerate form of the Brooks—Herring formula:

(Kom) = Umeh’ n 1
RS = g N y(n)
In[1 +y(n)] -
1+ y(n)
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FIG. 1. (Color online) Temperature-dependent mobility as a function of film
thickness for ZnO samples grown by pulsed laser deposition.
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Here the dielectric constant &, and effective mass m* are
based on relative values of 8.12 and 0.3, respectively; also, Z
is the ionization charge in units of e, assumed to be unity for
both donors and acceptors. Finally, the concentration of ion-
ized centers N;; is given by N;=Np+Npy=2N,+n, and K
=N,/Np, the compensation ratio. On the right-hand side of
Eq. (1), we have written w; in a convenient form for calcu-
lation, where n,, is a normalized value of n such that n
=1,0X 10%° cm™. It is illustrative to write Eq. (1) as:

1-K
/*Lii(K’n) = /*Lmax(n) 1+ K, (3)
where
146.9
/J’max(n) = (4)

6.46ny;
In(1 + 6.46né63 - T46201/3
+ o n20

Note that the denominator of Eq. (1) is slowly varying with n
and moreover is approximately unity for n=1Xx10% cm™.
For our average value of n, 2.8X10%° cm™, .
=104 cm?/V s. This would be the mobility if K~0, and is
much higher than the value 43 cm?/V s, which obtains at
our experimental value of K, 0.41 (see below). This compari-
son shows the desirability of reducing the acceptor concen-
tration N, which raises both the concentration and mobility.
Increasing Np, on the other hand, raises concentration but
reduces mobility.

Clearly, w;; given by Eq. (1) cannot by itself explain the
data of Fig. 1, because Eq. (1) is independent of d. To ad-
dress this problem, we consider the potential effects of
boundary scattering. The electrons in a layer of thickness d
may lie at a distance anywhere between 0 and d/2 from a
boundary, either the surface or interface. Thus, the average
distance from one of these boundaries is d/4, and we could
roughly define a boundary scattering time for degenerate
electrons by Ty (1) =(d/4)/Vpermi(1), Where Upeyi(n) is the
temperature-independent Fermi velocity. This formulation is
of course completely phenomenological and ignores details
of the scattering process, such as variations in d that produce
the scattering itself, and directional averaging of the electron
momentum. It also ignores quantum effects, which must be-
come important for d approaching the electron de Broglie
wavelength, about 3 nm at n=2.8 X 10 cm™. In spite of
these shortcomings, the effective distance parameter d/4
turns out to be a reasonable average mean free path for our
particular set of samples. Then, since the mobility associated
with Tigey 1S fpgry=(€/m*) Tgry, We get the empirical formula,

d/4 di4 d,,, cm?

e e
d,n)=— =— =2.645 —_—,
Mbdry( ") m* Vgemi(n) — # (3770)"3 n;{f Vs
(5)

where, again for convenience, we have expressed d in na-
nometers. Note that Eq. (5) is independent of any material
parameters, and thus is quite universal. Note also that it is
only weakly dependent upon n and in fact varies less than a
factor five over the range n=1X10""-1x10%" cm™. For
our conditions (average n,;,=2.8), a 5-nm-thick sample
would have a mobility limited to 9 cm?/V s from boundary
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scattering alone. To now get the total mobility, involving
both scattering mechanisms, we can apply Matthiessen’s
rule, since our electrons are degenerate

/‘l’(d’n’K) = [Iu’ii(K’n)_l + :u’bdry(d’n)_l]_l . (6)

For the convenient determination of Np and N,, we
define a dimensionless quantity Q:Mmax(”expt)[#e_xlpt_né)/(%t/
2.645dcyp,]), and then K=(Q-1)/(Q+1), and finally Np
=N/ (1-K) and Np=ne, K/ (1-K), where ngy, is in units
of 102 cm™ and d in nanometers, as before. For the six
samples with =110 nm in Fig. 1, the average n,,=2.8, and
an excellent fit to the data is found for K=0.41. Then, from
the above equations, Np=4.7X10* cm™ and N,=1.9
X 10% cm™.

Thus, Eq. (6) provides a good description of u versus d
for =110 nm. For d>110 nm, however, Eq. (6) is clearly
not adequate. We hypothesize that the reason involves an
incomplete annealing of layers thicker than about 100 nm.
Forming gas contains H, and isolated H atoms are known to
move rather easily in Zn0.3 " In fact, even the most stable
member of this class, substitutional Hg, is believed to com-
pletely diffuse out of the sample for temperatures higher than
about 475 °C."> H can also attain stability by forming com-
plexes with certain impurities and defects," such as the Zn
vacancy VZH,&13 Cu,® and N." For example, the neutral com-
plex V. H, is stable to about 400 °C.% Before the FG anneal,
the dominant acceptors in our samples are likely V, and/or
Gay,—V,, because V, has a low formation energy in n-type
ZnO (Ref. 15) and also because there is no evidence of im-
purities other than Ga with concentrations >10% cm™. In-
deed, V,, has been directly identified as the dominant accep-
tor in certain types of Zn0."® We propose that the H present
in the forming gas passivates V,, and Gay,—V,, acceptors,
forming neutral complexes. However, this process takes
time, and perhaps our annealing conditions (10 min at
400 °C) lead to an H saturation in only the top 100 nm, or
less. Besides passivating acceptors, H can also create rela-
tively stable, shallow donors, in particular HO,17 mentioned
above. This process, too, can be depth dependent if the H
diffusion does not extend throughout the whole layer.

To model depth-dependent diffusion we must add a sec-
ond layer, of thickness d,, carrier concentration n,, and com-
pensation ratio K,. In this case we do not know n, before-
hand, because we cannot easily perform a separate Hall-
effect measurement on the second layer. Thus, we have two
new fitting parameters, n, and K,, or equivalently Ny, and
NAZ? since K2=NA2/ND2 and n2=N]g2—NA2. The mOblllty in
this two-layer system then becomes 18
MZ—Iayer(dl’dZ’nlvn%Kl’KZ)

_ pldyny,Ky) nydy + pldy,ny, Ky)*nody

= : (7)
wldy,ny, K)ndy + u(dy,ny, Ky)nyd,

Applying this formula to the data of Fig. 1 produces a good
fit to the three samples having thicknesses d> 110 nm, with
the following fitting parameters: Np,=4.7 X 10 cm™ and
N»=3.5X%10% cm™, along with the previous parameters,
Np;=4.7%10% ¢cm™ and Ny;=1.9 X 10*° c¢cm™. For this fit,
we have purposely set Np,=Np, because the presence of H
should not affect the Gay, donors, since both are positively
charged. These parameters produce a good fit over the full
thickness range and are consistent with the following conclu-
sions: (1) in the top 100 nm or so, the H atoms from the
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forming gas passivate about half of the acceptors, thought to
be V, and Gay,—V,, centers; and (2) there is no strong
evidence for new shallow donors, such as Hy. However, it
should be cautioned that, although the assumed acceptor
ionic charge Z, =1 is valid for Gay,—V,,, it is not necessarily
valid for isolated V,,, which could have Z,=2. If the latter
case, we must set n=Np—2N, and N; .=Np+4N, in Eq.
(1), and then the fitted values of Ny, and N, would be some-
what different. (For layer 1, Np; and N,; would be 4.1
X 102 and 0.63 X 102° cm™3, instead of 4.7 X 10%° and 3.5
X 10%° cm™3, respectively.) In this regard, it is interesting to
compare the calculated Ny, with the expected concentration
of Ga atoms in the 3 wt % Ga,0O; target. If we assume that
(1) each Ga,03 molecule entering the growing ZnO crystal
supplies two Ga atoms and two O atoms to the lattice, (2) the
third O atom leaves in gaseous form, and (3) the final ZnO
crystal has the density of bulk ZnO, then the expected maxi-
mum density of Ga atoms would be

[Ga]=—"""—, (8)

where py.o is the ZnO density (5.61 gm/cm?®); M, the
molecular weight; x, the fractional weight of Ga,05 (0.03
in this case); and N, Avogadro’s number (6.022
X 10%* molecules/mole). Equation (8) yields [Ga]=1.085
X 10?! ¢cm™, so that Np;=Np,=4.7 X 10 is about 43% of
this value, a reasonable doping efficiency. There are several
possibilities for the other 57% of the Ga atoms, including
Gagy,,— V7, acceptors, as mentioned above. In any case, the
determination of Ny and N, by the method presented here
allows these issues to be studied quantitatively.

In summary, we have developed a simple analytical
model to explain the thickness dependence of mobility in
degenerate semiconductor thin films, and have applied it to
ZnO layers grown by pulsed laser deposition to thicknesses
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of 3-280 nm. The theoretical fits give good values of the
donor and acceptor concentrations and show that the effi-
ciency of Ga donor doping from the Ga,O; target is about
43% under our growth and annealing conditions. However,
in films thicker than about 100 nm, the average carrier con-
centration and mobility are somewhat reduced due to less
effective H-related passivation of acceptors in the lower parts
of the films.
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