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Electrical resistivity and Hall effect measurements at 77-373°K are presented for Zn doped ZnO 
crystals. The crystals have been doped systematically at 600-l 100°C in controlled pressures of Zn. 
The concentration of electrons at room temperature is in the range nllT = 2.5 x 1OL6 to 3.6 x 10L8 
cmm3. The donor level ED and the concentrations of donors No and acceptors Na have been 
calculated from a best fit to the experimental relationships logn versus l/T and log p,, versus log T. 
At dilute concentrations of donors, two donor levels have been observed, ED' = 0.043-0.045 eV 
and a deeper level EA,’ greater than 0.165 eV. The ZnO was found to behave as a metal at 
N,, N 6 x 1018 crnm3. 

At least two different donors have to be assumed in order to explain the experimental results. 
It is suggested that interstitial Zn is the electrical active donor at higher doping levels. The nature 
of the other donor is not clear. Neither 1s’ H-type nor 1.P He-type donors seem to explain all the 
observations consistently. 

I. Introduction 

Previous studies (1-13) of pure and doped 
ZnO single crystals have shown that native 
defects have an important influence on the 
electrical transport properties. Pure ZnO has 
been found to be an n-type semiconductor 
with resistivity p varying from about 0.04 
ohm = cm (degenerate semiconductor) to 
about lo6 ohm = cm or higher (highly com- 
pensated). Since this means that the physical 
properties of ZnO will vary over a large range, 
there is a need for controlling the concentration 
of the native defects. Also it is desirable to de- 
termine the nature of the native donor respon- 
sible for the n-type behavior. 

Despite the numerous studies of ZnO, no 
systematic study has been conducted on the 
relationship between low-temperature electri- 
cal transport measurements and high-tem- 
perature doping conditions. In the present 
paper, we will discuss the electrical properties 
at 77-373°K of ZnO crystals systematically 
Zn-doped at high temperatures. By means of 
these data we can prescribe the proper vapor 

pressure of Zn and the doping temperature T 
needed to obtain desired electrical properties 
at lower temperatures. 

The nature of the native donor responsible 
for the n-type behavior is still not very well 
understood. It is not expected that the elec- 
trical transport properties alone will provide 
all the insight needed in this matter. A 
combination of many techniques, epr, optical 
studies, etc., on the same crystals would be 
needed. The electrical properties, however, 
are very sensitive to the concentration of the 
defects. Two methods will be used to calculate 
the concentration of donor ND and acceptors, 
NA. 

First, from the relationship of the concen- 
tration of conduction electrons n and T we 
can, by using a nonlinear least-squares method 
to the scaled data, determine N,, NA, donor 
level with respect to conduction band ED and 
the spin degeneracy /3 of the donor. The n-type 
behavior of pure ZnO comes from excess Zn 
incorporated either as interstitial Zni or 
oxygen vacancy V,. In either case a two 
electron ls2 or helium-type donor is expected 
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with /? = 0.5. In several earlier studies (Z-23), 
however, the electrical transport data have 
been explained assuming a single electron 
donor, Is1 or hydrogen-type with /3 = 2. It 
will be shown that certain observations favor 
a lsl-type while other observations favor a 
Is’-type donor. 

Secondly, from the electron mobility data, 
subtracting out the scattering effects not due 
to defects, we have calculated ND and N,. The 
latter results are compared with the results 
from the first method. 

II. Experimental 

A. Electrical Measurements 
A conventional Hall method similar to the 

one described by Rupprecht (4) was used. 
Details of the method are described elsewhere 
(14). The ZnO crystals were fabricated into 
rectangular shaped bars with dimensions 
2 x 2 x 15 mm. Low resistance ohmic indium 
contacts were formed by “sparking” (capaci- 
tor discharge welding). The measurements 
were taken from 77-373°K with the magnetic 
induction B at 10 kG. 

B. Doping Experiments 
The 3 A4 vapor phase grown crystals were 

used. Emission spectrographic and mass 
spectrographic analyses show no major 
impurities above 1 ppma except for Si (10-20 
ppma). The stoichiometriccomposition of ZnO 
crystals was changed by high-temperature 
treatments at controlled pressures of zinc. A 
sealed silica ampoule with a ZnO crystal at 
one end and a piece of metallic Zn at the other 
end was heated in a two temperature zone 
furnace. The vapor pressure of zinc (IS) is 
given by 

pzn = 1.66 x lo5 exp (-1.22/kT,,) (atm) (1) 
where k = 0.8617 x 10e4 eV degree-l and 
T,, is temperature of Zn metal. In these type 
of doping experiments the upper limit of pzn 
is determined by the fact that T,, cannot 
exceed the temperature of ZnO, TznO, to 
avoid transport of Zn to the ZnO side. 
Furthermore, T,, must be chosen high 
enough to create a back pressure of Zn to 

prevent excessive sublimation of ZnO to the 
Zn metal side of the ampoule. To obtain lower 
pressures of zinc, the crystals were heated in 
Ar gas at 1 atm (where pzn = 2p+) and in 0, 
gas at I atm. In these cases the zinc pressure 
is calculated from (26) 

Pzn x PO, II2 = Kz,O 
= 1.5 x 10” exp (-4.89/kT) (atm)3/2. (2) 

The time of equilibration varied from 2 days 
for Tzno = 1100°C to two weeks for 
T znO = 700°C. After the heat treatment the 
crystals were rapidly cooled to room tempera- 
ture in less than 1 min. To minimize the 
surface effects, the crystals were etched for 
8-10 min in hot (85-90°C) concentrated 
H,PO, before the electrical properties were 
measured. The etch removed about 50 pm 
from the surface. Emission spectrographic 
and mass spectrographic analyses (approxi- 
mately 1 ppm sensitivity) indicated that the 
impurity content did not change during the 
heat treatment. 

III. Results 

In three sets of doping experiments Tzno 
was kept constant at 1000, 800, and 700°C 
while TZn was varied from Tzno down to 
400°C in steps of 100°C; crystals were also 
heated in pure argon and oxygen gas at 1 atm. 
In addition, saturated zinc doping experi- 
ments were performed at 1100,900, and 600°C. 

The electron concentration IZ is calculated 
from 

n=-L 
e-R, (3) 

where r is assumed equal to 3~~18, e is the 
elementary charge, and RH is the measured 
Hall coefficient. 

In Figs. 1 and 2 the results at 1100°C are 
shown as logn versus l/T (“K) and logp, 
versus 1ogT. The doping conditions are given 
for each set of data. The first number refers to 
T znO and the second number to T,,. When 
T,, equalled Tzno or when Ar and 0, were 
used, only one temperature is given. 

From Fig. 1 it is obvious that IZ increases 
and from Fig. 2 that pw decreases with 
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FIG. 1. The concentration of conduction electron n 
is shown versus lO’/T for the 1000°C series. The first 
number refers to TznO, the second number to T,, at 
the high-temperature treatment. 
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FIG. 2. The Hall mobility pR is shown versus 1ogT 
for the 1000°C series. 

Increasing P=,,. Thus we conclude that native 
donors are introduced with increasing pzn. 
The run at 1000-900 shows an unexplained 
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FIG. 3. The concentration of conduction electron n 
is shown versus 103/Tfor the 800°C series. The steeper 
slope for the 1 atm 0, case indicates a deeper donor is 
involved (,I& > 0.165 eV). 
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FIG. 4. The Hall mobility p(H is shown versus log T 
for the 800°C series. The shape of the curve at the 
lower temperature for the 1 atm O2 case suggests 
another conduction mechanism is becoming important. 
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deviation from the trend. However, more 
runs should be made to check the significance 
of this deviation. 

In Figs. 3 and 4 are shown logn versus l/T 
(“IQ and logpL, versus 1ogT at 800°C for the 
Zn saturated condition and for Ar and O2 at 
1 atm. The results at 800-latm 0, differ 
considerably from the results at the other 
doping conditions. The steeper slope of logn 
versus l/T (“K) in Fig. 3 indicates that a 
deeper donor is involved. This is illustrated in 
Fig. 5 where the Fermi level, with respect to 
the conduction band EF, versus l/T (“K) is 
shown (see Eq. (6) for calculation EF). In this 
case, the Fermi level in the intermediate 
temperature range seems to be pinned at a 
donor level about 0.165 eV below the con- 
duction band. In the other doping experi- 
ments the donor level is less than 0.05 eV. The 
rapid decrease of pLH at lower temperatures in 
the case of 800-l atm 02, is also distinctly 
different from the behavior of the other 
crystais. 

In Fig. 6, the concentration of electrons at 
room temperature nRT is shown as lognRT 
versus logp,, (atm) at constant Tzno = 1000, 
800, and 700°C. Dashed lines are drawn 
through the points. The slope of logn,r 
versus logp,, at constant T is close to l/3. As 
shall be discussed later, this indicates that a 
doubly ionized donor is involved. At lower 
pzn (logp,, in the range -5 to -10) the electron 
concentration is constant, indicating the 
presence of a second donor with concentra- 

I 0 I4 

lO%CK, 

FIG. 5. The Fermi level with respect to conduction 
band as function of 103/T for the 800°C series. A 
deeper donor is clearly involved in the 1 atm O2 case. 
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FIG. 6. The concentration of conduction electrons 
nRT as function of the zinc pressure at the high- 
temperature doping conditions. 

tion about 2 x lO”j cme3. The Zn saturated 
data at 1100, 900, and 600 are also shown in 
Fig. 6. The solid line represents the Zn 
saturated results and can in the range 600- 
1100°C be expressed as 

n = 2.68 x 10’lexp (-0.83 eV/kT) cme3. 

This compares fairly well with results by 
Scharowsky (6) and Thomas (5) (4OC-750°C) 

n = 2.68 x 10” exp (-0.65 eV/kT) cmm3. 

Another point of interest is the change in 
color of the crystals from clear to light yellow 
(nRT - 4 x 1017 cm-“) to reddish brown to 
deep red with increasing Zn in the crystals. 
The color change is due to a shift in the 
absorption edge and has been discussed by 
Scharowsky (6). 

IV. Discussion 

Both n and c(~ give information about the 
point defects. In the discussion we will use the 
logn versus l/T to obtain the donor level ED, 
the concentration of donors ND and acceptors 
NA. Then we will employ plots of logpH versus 
1ogT to obtain the concentration of ionized 
and neutral scattering centers. For a con- 
sistent fit the results for ND and NA from the 
logn versus l/T and logpH versus 1ogT should 
be in agreement. 
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A. Electron Concentration n 
For a semiconductor with a concentration 

of one type of donor ND and a total concen- 
tration of acceptors N,, the electron concen- 
tration is given by (17) 

n + NA = NJ1 + p exp (ED + q)]-’ (4) 

where /I is related to the spin degeneracy 
factor for the donor level; fi = 2 for Is’-type 
donor, jI = 0.5 for I.?-type donor; .sD = E,IkT, 
q = E,/kT where EF is the Fermi level with 
respect to the conduction band. 

For PI < 1.3, Blakemore (18) has shown the 
Fermi level is given by 

EF=kTlog[z-0.27]d1eV (5) 

where the density of states in the conduction 
band 

N,=4.83 x 1015 ~312 (6) 

and mN is the density of states mass. The 
present calculations are valid for 7 < 1.3 or 
n/NC < 1.84. 

From Eq. (4), a theoretical value nth for the 
electron concentration may be calculated from 

2c 
n th = - b + (b2 - 4ac)1/2 

where 

a = 1 - 0.271 exp (--ED). 
B 

b = NA + j(Nc + 0.27(N, - NA)) exp (--ED). 

c = - i N,(N, - NA) exp (---ED). 

The values for the four parameters ND, NA, 
ED, and j?, leading to a best fit, were found 
by minimizing the standard deviation of the 
normalized data 

where M is the number of data points. 
A nonlinear least-squares method was used 

to determine ND, NA, and ED for the two 

choice of /?, /I = 2 or fi = 0.5. We have 
assumed mN/m = 0.3 for ZnO (38). The 
results for the IOOOC series are given in 
Table I. It appears that p = 0.5 (helium-type 
donor) gives a slightly better fit (lower values 
of cN). But because of the uncertainty in the 
value of the density-of-states mass, the 
simplicity of our model, and the uncertainty 
in the experimental data, the difference is not 
considered significant enough to discriminate 
between /I = 2 or 0.5. 

In Fig. 7 the ED, as determined by the best- 
fit method, is shown as a function of Nil3 
for j? = 2 where 

ED = 0.045 - 2.8 x lo-* NAi3 eV (8) 

and ED N 0 for ND = 4 x 10” cme3. A similar 
relation can be obtained for jI = 0.5 

ED = 0.043 - 2.4 x lo-’ Nk13 eV (9) 

and ED- 0 for ND = 6 x 10ls cmS3. The 
inverse of Nit3 may be considered as the 
average distance between the donors. Thus, 
ED, due to overlap of donor wave functions, 
is expected to decrease with increasing ND. 
According to Pearson and Bardeen (29) 

(10) 

which is very close to what we find in Eqs. (8) 
and (9). However, the significance of these 
relations is still not completely understood 
Wh 

According to our data, the thermal ED at 
dilute donor concentration is about 0.043 to 
0.045 eV and Zn doped ZnO becomes metallic 
(ED = 0) at N,, = 4 to 6 x lOI8 cmm3 (average 
donor distance 55-60 A). These values are 
only slightly different from E,, = 0.05 1 eV and 
ND = 6 x 1018 cme3 reported by Hutson (3). 

B. Hall Mobility ,uLH 

We will calculate the Hall mobility and by a 
best fit to the experimental data obtain the 
concentration of donors and acceptors. These 
values will be compared to the values obtained 
from the logn versus l/T fit. 
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TABLE I 
REWLTS FROM CARRIER CONCENTRATION ANALYSIS, EQUATION (7), 

AND HALL MOBILITY ANALYSIS, EQUATION (18) 

Doping 

1000 

1000-950 

1000-900 

lOO&SOO 

1000-700 

lOOCdOO 

1000-500 

1000400 

1000-l atm Ar 

1000-l atm O2 

Carrier-concentration analysis 

2 3.26 x 1O-2 
0.5 4.24 x 1O-2 

2 5.40 x 10-z 
0.5 1.98 x 1O-2 

2 7.51 x 10-Z 
0.5 3.48 x 1O-2 

2 4.44 x 10-Z 
0.5 3.55 x 10-Z 

2 5.19 x 10-Z 
0.5 3.54 x 10-Z 

2 5.50 x 1o-2 
0.5 1.67 x 1O-2 

2 5.61 x 1O-2 
0.5 2.71 x 1O-2 

2 1.27 x 1O-2 
0.5 1.02 x 10-Z 

2 1.19 x 10-2 
0.5 1.40 x 10-Z 

2 2.11 x 10-Z 
0.5 3.35 x 10-Z 

ED 
WV) 

ND N.4 
(cm-“) (cm+) 

1.0 2.92 x 1018 
0.5 3.54 x lo’* 

16.0 1.33 x 10’8 
14.5 1.76 x 1018 
17.5 9.60 x 10” 
19.0 1.08 x 10” 
13.5 1.60 x lo’* 
9.5 2.80 x 10” 

14.0 1.52 x 1018 
11.0 2.42 x lo’* 
19.5 7.30 x lot7 
18.5 1.09 x 1018 
23.5 3.29 x 1Ol7 
21.5 6.84 x 10” 
23.5 2.61 x 1017 
21.0 9.25 x 10’7 
37.0 2.16 x lOI 
25.5 1.74 x 10’7 
46.5 1.16 x lOI6 
23.0 2.60 x 10’7 

2.03 x 10” 
1.61 x 10“’ 
1.68 x 10” 
9.11 x 10” 
1.59 x 10” 
4.93 x 10” 
1.87 x 10” 
1.70 x 10’8 
1.94 x 10” 
1.41 x 1018 
1.31 x 10” 
6.27 x 10” 
8.29 x 1016 
4.72 x 10” 
1.42 x 10” 
8.09 x 10” 
4.72 x 10IS 
1.57 x 10” 
1.84 x 10L4 
2.48 x 10” 

Hall mobility analysis 

ND 
(cme3) 

2.10 x 10’8 

1.16 x lo’* 

9.29 x 10” 

1.17 x 1018 

1.13 x lo18 

7.48 x 10” 

3.89 x 1017 

1.88 x 1017 

N.4 
(cm-“) 

5.20 x 1017 

1.73 x 10” 

7.90 x 10’6 

2.63 x 10” 

2.39 x 10’7 

5.38 x 1Or6 

1.31 x 10’6 

3.67 x lo= 

- 

- 

0.05 - 

0 2 4 6 6 IO 12 14 16 

N~(ari’, x IQ’ 

FIG. 7. The donor level E,, is shown versus Nr, ‘13. A H-type donor (/? = 2) is assumed. 

The mobility of electrons is related to the The latter two mechanisms are related to the 
scattering mechanisms. The following types of concentration of defects and are of the most 
scattering processes will be considered : interest in the present discussion. 

(i) lattice: optical, acoustical, and piezo- The expressions for the various lattice 
electric mode; mobilities have been derived by theoretical 

(ii) defects: ionized and neutral defect considerations and, to a certain extent, by a 
scattering. best fit to experimental Hall mobility at 
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higher temperatures where defect mode 3. Piezoelectric mode scattering. The piezo- 
scattering becomes negligible. electric mode mobility has been discussed by 

1. Optical mode scattering. According to Zook (26). Parallel to c-axis he reported 
Devlin (21), the optical mode Hall mobility is 

hLO = rHL0 &F (11) 3’2 T-‘12 cm2 V-l set-’ (14) 

where and perpendicular to c-axis & = 2.8 &. 
The Hall coefficient factor is assumed to be 
unity. 

and the polaron coupling constant CY is 4. Ionized defect scattering. The Brooks- 
Herring expression (27) for the ionized defect 

(L& - $) (!gl” ($J scattering mobility pHI is 

2’12 &,2(kT)3’2 1 
o,, is the angular frequency of the longitudinal ih = rHI n3,2 3 
optical phonons; mx is the effective mass, 

e mx112 g(b) x (15) 

different from the density-of-states mass where 
discussed in the previous section; 4 is a slow 
varying function of the temperature and rHLO 
is the Hall coefficient factor for optical mode 

g(b)=ln(l +b)-&b 

scattering. The latter two functions have been b = 68, m”(W2 
computed by Devlin (21); a, and E, is the high 7ce2 A2 n* 
frequency and static dielectric constant and 
EH = 13.6 eV. By choosing ho, = 72.5 meV 

and screening charge 

(22), mx = 0.27m (23), E, = 3.75 (22), and RX = NC x 5-1,2(d (16) 
E, = 8.75 (22), both parallel to the c-axis, we 
get 

The Fermi-Dirac integrals co 
pH = r,,,427.4[exp(841/T) - 11. (12) LFj(?f) = A-- $ de 

In the temperature range considered here s r(j+l) exp(s--)+I 
we have assumed rHLO * 4 % 1 without too 

0 

much error (21). have been tabulated by Blakemore (28). The 
2. Acoustical mode scattering. According Hall coefficient factor rHI is given by Beer (29) 

to Bardeen and Shockley (24) the acoustical to be 
lattice mode Hall mobility is given by 31571 g(b) 2 

371 (8x)“’ A4 Cl1 e 
&LA = s 3E;, mx512(kT)3/2 (13) 

rH1 =-ET go [ 1 
and the concentration of ionized centers is 

where Cn is the average longitudinal elastic N1=n+2NA. 
constant and equal to 2.1 x lOi dyn cm-’ In the Brook-Herring expression for the 
(22); E,,, is the shift of the edge of conduction screening charge the charged donors and 
band per unit dilation (deformation poten- acceptors were also considered. (nX in Eq. (13) 
tial) ; pH/p = 3x/8 for acoustical mode is then rrX = it + (a + NJ(1 - (n + NA)/N,>.) 
scattering and mx = 0.27m (23). From a best We have found it more consistent to consider 
fit to the experimental data, we find the screening by electrons only (see Dingle 

pHLA = 3.02 x 106. T-3’2 cm2 V-l see-’ (30) and Mansfield (31)). As long as the 
defects are far enough apart, i.e., outside the 

leading to E,, = 31.2 eV (in agreement with I). screening radius R (30) of the screened 
Although a high value, similar high values coulombic scattering center, R = 9.923 x lo-’ 
have been reported for other II-VI compounds &,T-1i4(mx/m)-3’4[~~~,2(~)]~1’z , this should 
by Rode (25). be a better approximation. In ZnO the shortest 
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distance between the donors will be along the 
a directions. For a donor concentration of 
4.21 x 1017 cm-3 or 10 ppma, this corresponds 
to an average distance of 150 A between the 
scattering centers. For an equivalent concen- 
tration of electrons (all donors ionized in an 
uncompensated crystal) the screening radius 
R is only 31 A at T = 77°K. For n = ND/lo, 
R is 86 A or approximately only half of the 
average distance between the donors. For 
compensated crystals, of course, one can no 
longer neglect the effect of donors and 
acceptors. But in that case one no longer has 
independent scattering from individual scat- 
tering centers either. 

At the higher doping levels (close to 
degeneracy at 77°K) the agreement is not as 
good. As discussed in (33), the donor band 
conduction mechanism becomes important 
at the lower temperatures and at a higher 
concentration of donors. 

A similar good fit has been obtained for the 
800°C doping series except for the 800°C 
1 atm 0, run. In this case, a deeper donor 
becomes the electrical active donor. At low 
temperature the electron concentration be- 
comes very low, the crystal is practically 
compensated, with the possibility of doubly 
ionized scattering centers or donor band 
conduction. 

By choosing the average value E, = 8.5, we 
find 

4.57 x 1017 T3” 1 
h = rnI g(b) N, 

where b = 2.96 x 10’4Tz(l/n”). 
5. Neutral defect scattering. The mobility 

related to the scattering by neutral defects is 
given by Erginsoy (32) to be 

C. Type of Native Donor 

(17) 

where the concentration of neutral defects is 
NN = ND - (n + NA), assuming no other neu- 
tral defects are present. The Hall coefficient 
factor is assumed to be unity. 

6. The calculated Hall mobility. Because the 
acoustical scattering mode is not the only 
important scattering mode we have assumed 
the theoretical Hall mobility to be 

From Fig. 6, logn,, versus logp,,, it 
appears that at least two donors are present. 
At higher doping levels, nRT > 1Ol6 cme3 or 
pzn > low4 atm, the electrical properties are 
controlled by a native donor. At the inter- 
mediate doping levels, pZn < 10e4 atm, an- 
other donor dominates. Since the concentra- 
tion of this donor (about 1 ppma) does not 
change significantly with pZn, the donor could 
be due to an impurity or a frozen-in native 
donor. 

We will discuss what the electrical transport 
property measurements indicate with respect 
to the nature of the two donors. From the 
measurements the following facts point to a 
Is1 H-type donor. 

-zL+L+L 1 
PH kfL hII kfN 

(18) 

where the lattice Hall mobility is calculated 
from 

1. The donor level E. = 0.045 eV is in 
good agreement with the value calculated 
from a scaled 1s’ H-type donor level 

mx/m 
EH = 13.6T M 0.05 ev 

E, 
A scaled ls2 He-type donor level (Hylleraas 
(34)) 

1 1 1 1 -M- -+-. 
PHL kL0 + hfLA kLP 

(19) 
me4mX 1 

EH’=2ttz---~ 
r 

The values for ND and NA obtained from 
the best fit are given in Table I and compare 
favorably to the values from the logn versus 
l/T fit for j3 = 2 (l&type donor). In general 
the value obtained for NA from the mobility 
fit is lower than the one from conduction 
electron analysis. ObSerXd. 

+ o 3 1488 _ 0.01752 + 0.00548 - ~ 
Z 22 I 

= 24.58 f $ = 0.902 eV 
r 

where Z is charge of the nuclei (in this case 
equal to 2). Thus, EHe is too large for what is . 
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2. The most consistent fit between the 
results from logn w 1 /T and from log p versus 
log7’is obtained for /I = 2, or a lsl-type donor. 

Several points, however, favor a ls2 He-type 
donor. 

1. If excess Zn is incorporated as either 
interstitial zinc Zni or oxygen vacancies V,, 
the donor should in either case have two 
available electrons and consequently jI = 0.5. 
However, a crystal field splitting of the levels 
might occur. 

2. At higher temperature and higher 
doping levels (lOOO°C series) the relation 
logn N 1/3logp,, is indicative of a doubly 
ionized donor, in agreement with other 
II-VI measurements. (See, for example, 
Smith (35).) 

3. A slightly better fit is obtained for 
D = 0.5 for the logn versus l/Tcurve at higher 
doping levels. 

4. The deeper donor level ED > 0.165 eV 
for crystal No. 146G is consistent with the 
second ionization energy of a 19 He-type 
donor. 

mxlm 
ED =Z2 13.6 2 M 0.20 eV. 

E, 
Unfortunately, none of these observations 

are conclusive with respect to the nature of 
the donor. However, from the comments 
made with respect to the relationship logn 
versus logp,, we speculate that the native 
donor at higher doping levels is related to 
interstitial zinc, Zn,. At lower doping levels 
the other donor could very possibly be related 
to a frozen-in oxygen vacancy V,,. The 
concentration of Vo would be determined by 
the conditions during the crystal growth at 
high temperatures. Since all ZnO crystals 
used in the present study were originally 
grown under the same conditions, it is reason- 
able to assume that all the crystals would have 
a similar concentration of frozen-in V,. Our 
speculations are consistent with the diffusion 
data by Moore and Williams (36). They found 
Zn, diffuses much more rapidly than Vo in the 
temperature range considered in the present 
study. However, Hoffman and Lauder (37) 
question the result by Moore and Williams. 
More data seem to be needed to clear up this 
controversy. 

V. Summary 

Electrical resistivity and Hall effect data at 
77-373°K have been presented for Zn doped 
ZnO single crystals. The crystals have been 
doped systematically at 600-1100°C in con- 
trolled pressures of Zn and the electrical 
transport properties are related to the thermo- 
dynamic variables pzn and T. By means of the 
data we can prescribe the proper vapor 
pressure of Zn and the doping temperature T 
needed to obtain desired electrical properties 
at lower temperatures. 

From a best fit for the logn versus 1 /Tcurve 
and the log p versus IogT curve, we have 
calculated the concentration of donors and 
acceptors, and the donor level ED. At dilute 
donor concentrations, ND < 1Ol7 cme3, two 
donor levels have been observed, ED = 0.043 
to 0.045 eV and ED > 0.165 eV. Consistent 
with earlier observations, ZnO is found to 
become metallic at iVD NN 6 x 1018 cme3. Also, 
at least two different donors have to be 
assumed in order to explain the results. One 
of the donors is suggested to be related to 
interstitial zinc Zn, and the other one to be a 
frozen-in oxygen vacancy Vo. 

The nature of the donors has not been 
pinpointed. According to the electrical trans- 
port property results neither IsI H- nor 1s’ 
He-type donors seem acceptable. It is possible 
that crystal field splitting of the donor level 
has to be considered. 
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