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Abstract

Recent efforts on doping ZnO films for charge and spin functionality are reviewed, focusing on chemical doping for charge and spin device

formation. Discussion includes the behavior of phosphorus as an acceptor and magnetism in transition metal-doped ZnO. Evidence for p-type

behavior in phosphorus-doped (Zn,Mg)O grown by pulsed laser deposition is presented. The magnetic properties of ZnO co-doped with Mn and

Sn are also discussed.
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1. Introduction

ZnO is an attractive semiconductor for solid state blue to

UVoptoelectronics, including laser development. Transparency

to visible light provides opportunities to develop transparent

electronics, UV optoelectronics, and integrated sensors, all

from the same material system. ZnO is a direct band gap

semiconductor with Eg=3.2 eV. Doping with certain transition

metal dopants is predicted to yield ferromagnetism. The room

temperature electron Hall mobility in ZnO single crystals is on

the order of 200 cm2/V s [1]. ZnO normally forms in the

hexagonal (wurtzite) crystal structure shown in Fig. 1, with

a =3.25 Å and c =5.12 Å. Each Zn atom is tetrahedrally

coordinated to four O atoms, where the Zn d-electrons

hybridize with the O p-electrons. Layers occupied by zinc

atoms alternate with layers occupied by oxygen atoms.

Electron doping in nominally undoped ZnO has been attributed

to Zn interstitials, oxygen vacancies, or hydrogen [2–7]. The

intrinsic defect levels that lead to n-type doping lie approxi-

mately 0.05 eV below the conduction band. High electron

carrier density can also be realized via group III substitutional

doping. The semiconducting properties of ZnO compare
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favorably to those of the GaN system, as is seen in Fig. 2.

The band gap of ZnO can be tuned via divalent substitution on

the cation site. Cd substitution leads to a reduction in the band

gap to ¨3.0 eV [8]. Substituting Mg on the Zn site in epitaxial

films can increase the band gap to approximately 4.0 eV while

still maintaining the wurtzite structure. The latter represents a

metastable compound that is stabilized via epitaxial film

growth. Epitaxial wurtzite Zn1�xMgxO thin films have been

realized with x as large as 0.35 [9,10]. The (Zn,Mg)O alloy

system is attractive for UV photonics needed in the next

generation optical memory, integrated optics with sub-micron

feature size, visible–blind UV detectors, and spectroscopic-

based detection of biological and chemical agents [11].

2. P-type doping in ZnO

A significant challenge to the widespread exploitation of

ZnO-related materials in electronic and photonic applications is

the difficulty in achieving p-type material. ZnO displays

significant resistance to the formation of shallow acceptor

levels. Difficulty in achieving bipolar (n- and p-types) doping in

a wide band gap material is not unusual. ZnSe and GaN can be

easily doped n-type, while p-type doping is difficult. In contrast,

ZnTe is difficult to dope n-type, while p-type doping is easily

achieved. There have been several explanations put forward in
2006) 160 – 168

ww



Fig. 1. Wurtzite crystal structure.

Fig. 2. Comparison of ZnO properties with those for GaN.
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explaining doping difficulties in wide gap semiconductors [12].

First, there can be compensation by native point defects or

dopant atoms that locate on interstitial sites. The defect

compensates for the substitutional impurity level through the

formation of a deep level trap. In some cases, strong lattice

relaxations drive the dopant energy level deep within the gap.

One may also have a low solubility for the chosen dopant

limiting the accessible extrinsic carrier density [13]. In ZnO,

most candidate p-type dopants introduce deep acceptor levels.

Copper doping introduces an acceptor level with an energy of

¨0.17 eV below the conduction band [14]. Silver has also been

investigated; it behaves as an acceptor with a deep level ¨0.23

eV below the conduction band [15]. Lithium introduces a deep

acceptor, and induces ferroelectric behavior [16,17].

The most promising dopants for p-type material are the

group V elements, although theory suggests some difficulty in

achieving shallow acceptor states [18]. While ab initio

electronic band structure calculations for ZnO based on the

local density approximation indicate that the Madelung energy

decreases with group III cation substitution for n-type doping

[19], the Madelung energy increases with group V anion

substitution indicating localization of these acceptor states.

Nevertheless, there have been reports suggesting acceptor

doping with group V substitution. Photoinduced paramagnetic

resonance studies of N-doped ZnO crystals indicate the

presence of an acceptor state due to nitrogen substitution

[20]. Minegishi et al. reported the growth of p-type ZnO by the

simultaneous addition of NH3 in hydrogen carrier gas with

excess Zn [21]. The resistivity of these films was high with

q¨100 V cm, suggesting that the acceptor level is relatively

deep with a subsequent low mobile hole concentration. P-type

ZnO has also been reported for films grown by PLD, in which

a N2O plasma is used for doping [22]. Efforts by Rouleau et al.

[23] have addressed nitrogen doping in epitaxial ZnO films in

which a RF plasma source was used to crack N2 in conjunction

with Zn evaporation during pulsed laser deposition from a ZnO

target. Secondary ion mass spectrometry data for N-doped ZnO

films clearly shows that the films contain nitrogen. However,

no definitive p-type behavior was observed, suggesting that

compensating complexes are incorporated in the growing film.

Similar results have been reported by others [24]. The lack of

p-type behavior in nitrogen-doped ZnO has been addressed

theoretically within the context of N–N complex formation
[25]. In particular, it appears that the formation of N–N related

complexes introduce compensating centers. Isolated substitu-

tional N is assumed to be required to realize an acceptor state.

As such, the use of source species that contain only one

nitrogen atom per entity (NO, N, NO2) should be more

amenable to acceptor state formation due to the large

dissociation energy of N2 (9.9 eV). Recently, promising results

were reported on the synthesis of p-type ZnO using molecular

beam epitaxy [26]. In this case, homoepitaxial nitrogen-doped

ZnO was grown on semi-insulating Li-doped ZnO crystals

from a high purity Zn evaporation source, combined with

atomic O and N flux created via a RF plasma. Hall

measurements yielded p-type behavior with a hole mobility

of 2 cm2/V s and a hole concentration of 9�1016/cm3. The

acceptor level was estimated to be 170–200 meV using low

temperature photoluminescence. Clearly, achieving this result

was dependent on minimizing compensating donor levels from

defects or complex formation.

2.1. P-type behavior in phosphorus-doped ZnO structures

While most efforts on p-type doping of ZnO have focused

on nitrogen doping, a few studies have considered other group

V elements for substitutional doping on the O site. Given the

mismatch in ionic radii for P (2.12 Å), As (2,22 Å), and Sb

(2.45 Å) as compared to O (1.38 Å), solubility of these

elements in ZnO should be limited. Nevertheless, p–n

junction-like behavior has been reported between an n-type

ZnO substrate and a surface layer that was heavily doped with

phosphorus [27]. Activation of the P dopant was achieved via

laser annealing of a zinc phosphide-coated ZnO single crystal.

A related result was reported for epitaxial ZnO films on GaAs

subjected to annealing [28]. In this case, a p-type layer was

reportedly produced at the GaAs/ZnO interface. Both of these

reports are promising, but present several unresolved issues

related to the solid solubility of the dopant and possible

secondary phase formation in the doped region. Note that p-

type doping in other II–VI compound semiconductors, using

dopants with highly mismatched radii, has been reported. In

particular, a shallow acceptor level is realized in ZnSe doped

with nitrogen, despite the large difference in radii between Se

(1.98 Å) and N (1.46 Å).

In this study, the characteristics of metal– insulator–

semiconductor (MIS) and junction thin-film device structures

utilizing phosphorus-doped ZnO materials are examined to

delineate the carrier type in this material. Pulsed laser

deposition was used for film growth. Phosphorus-doped



Fig. 3. Capacitance–voltage characteristics of n-type ZnO MIS diode. Plots o

(a) C and (b) 1/C2 are included.
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(Zn0.9Mg0.1)O targets were fabricated using high-purity ZnO

(99.9995%) and MgO (99.998%), with P2O5 (99.998%)

serving as the doping agent. Similar studies on P-doped ZnO

films will be reported elsewhere. The motivation for consid-

ering the (Zn,Mg)O alloy resides in the potential to reduce the

residual n-type conductivity due to shallow defect donor states.

The addition of Mg moves the conduction band edge up in

energy and potentially away from the intrinsic shallow donor

state, thus increasing the activation energy of the defect donors.

The ablation targets were pressed and sintered at 1000 -C for

12 h in air. Targets were fabricated with a phosphorus doping

level of 2 at.%. A KrF excimer laser was used as the ablation

source. A laser repetition rate of 1 Hz was used, with a target to

substrate distance of 4 cm and a laser pulse energy density of

1–3 J/cm2. The ZnO growth chamber exhibits a base pressure

of 10�6 Torr. Platinum-coated Si was used as the substrate,

with Pt serving as the bottom electrode in the device structures.

Although Pt is known to form a Schottky contact with n-type

ZnO, its behavior in contact with P-doped (Zn,Mg)O is

unknown. However, assuming p-type conduction in the P-

doped (Zn,Mg)O material, the work function of Pt makes a

viable candidate as an ohmic contact. This geometry also

minimizes the series resistance of the bottom contact, thus

permitting a reasonably accurate measurement of the device

properties. The substrates were attached to the heater platen

using Ag paint. The P-doped (Zn,Mg)O layer thickness was on

the order of 130 nm. The Mg, Zn, and P composition were

measured using energy dispersive spectrometry and determined

to be close to that of the ablation targets.

Film growth was performed at 400 -C in an oxygen pressure

of 20 mTorr. Previous work has shown that as-deposited

phosphorus-doped ZnO films are heavily n-type due to an

apparent compensating donor defect. However, a moderate

temperature anneal was shown to suppress that n-type behavior

considerably. The samples were annealed in situ at a

temperature of 500 -C to 600 -C in a 100 Torr O2 ambient

for 60 min. For the MIS diode structures, the P-doped

(Zn,Mg)O annealing step is followed by the deposition of a

gate oxide. In this case, the gate oxide selected was

(Ce,Tb)MgAl11O19, which is a wide band gap insulator that

can be deposited as an amorphous dielectric using pulsed laser

deposition. Details of the gate dielectric properties of

(Ce,Tb)MgAl11O19 will be reported elsewhere. For the p–n

junction devices, an undoped ZnO film was deposited on the P-

doped (Zn,Mg)O film at a temperature of 400 -C in an oxygen

ambient of 20 mTorr. Previous studies have shown that this

condition yields n-type ZnO with a carrier density on the order

of 1018–1019/cm3. The top metallization contacts for both the

p–n junction and MIS device structures were 0.2 mm diameter

Al or In dots that were deposited by sputter deposition through

a shadow mask.

In order to delineate the carrier type in the (Zn,Mg)O:P film,

capacitance–voltage characteristics of the metal–insulator–

semiconductor diode structures were measured, in which the

(Zn,Mg)O:P film served as the semiconductor. Capacitance–

voltage behavior for Schottky barrier or metal–insulator–

semiconductor diodes provide an indirect means of determin-
ing the majority carrier type in a semiconductor material. First,

the symmetry of the capacitance–voltage behavior in MIS

diodes is directly dependent on the carrier type underneath the

gate. The total capacitance of the MIS diodes consist of two

capacitances in series, one due to the insulator, a second due to

the width of the depletion region underneath the gate dielectric.

Depending on the majority carrier type, the MIS capacitance is

maximized when the capacitor is biased such that the majority

carriers accumulate at the semiconductor/insulator interface.

For n-type material, a positive voltage relative to the

semiconductor will attract majority carrier electrons to the

interface, reduce the depletion width to near zero, and

maximize capacitance. For p-type, a negative voltage is needed

to accumulate majority carrier holes. In order to carefully

delineate the carrier type behavior, MIS structures were

fabricated with both n-type ZnO and phosphorus-doped

(Zn,Mg)O thin films. Fig. 3 shows the capacitance–voltage

characteristics of a structure using undoped n-type ZnO as the

semiconductor. In this case, a heavily doped n-type indium–

tin–oxide layer served as the bottom electrode. The polarity of

the capacitance–voltage characteristic for the device employ-

ing nominally undoped ZnO is clearly n-type, with capacitance

decreasing with an applied negative voltage. For a MIS diode,

the net ionized dopant density, NA–ND, can be estimated from
f
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the capacitance–voltage behavior, where NA is the ionized

acceptor density and ND is the donor density. In particular, for a

uniformly doped semiconductor, the high frequency capaci-

tance/area in the depletion region is given by

NA � ND ¼ 2

qes

d

dV
1=C2

�� �� �1

where q is the electron charge and (s is the permittivity of the

semiconductor. Fig. 3b shows a plot of 1/C2 as a function of V

for the diode employing n-type ZnO. From the slope, the

ionized donor density is estimated to be 1.8�1019/cm3, which

is in agreement with Hall measurements for similar polycrys-

talline ZnO films.

Similar device structures were then fabricated that employed

phosphorus-doped (Zn,Mg)O as the semiconductor material.

Fig. 4 shows the capacitance–voltage behavior for these

devices. The symmetry of the C–V curve indicates that the

(Zn,Mg)O:P film is p-type. The observation of p-type

symmetry in the C –V measurements was reproduced in

multiple samples. Fig. 4b shows a plot of 1/C2 for this device.

From the slope, the net acceptor concentration is calculated to

be on the order of 2�1018/cm3. If one assumes that all of the

phosphorus dopant atoms are substitutional on an oxygen site,
Fig. 4. Capacitance–voltage characteristics of P-doped (Zn,Mg)O MIS diode.

Plots of (a) C and (b) 1/C2 are included.

Fig. 5. I –V curves for n-ZnO/P-doped (Zn,Mg)O junction. Both the raw I –V

(a) and extracted I –V (b) are given. The solid line in (b) is a fit to the diode

equation with an ideality factor greater than 10. The latter assumes a parasitic

leakage conductance and series resistance.
one can estimate the activation energy based on a simple

hydrogenic model. With this, the activation energy is estimated

to be 250–300 meV. In addition, given that the resistivity of

similar thin film material is on the order of 100–1000 V cm,

one can estimate the magnitude of the hole mobility to be on

the order of 0.01 to 0.001 cm2/V s. This should not be taken as

an intrinsic value of hole mobility for P-doped (Zn,Mg)O,

given that the films are polycrystalline with little optimization

with respect to transport properties. Nevertheless, this does

explain why Hall measurements of carrier type are difficult in

many samples.

In order to further delineate the carrier dynamics in P-doped

(Zn,Mg)O thin films, n-ZnO/P-doped (Zn,Mg)O structures

were fabricated to investigate whether p–n junction character-

istics could be observed. The I –V measurements were

performed at room temperature. Fig. 5 shows the I –V curves

for a Pt/(Zn0.9Mg0.1)O:P0.02/n-ZnO/In junction. The I –V curve

is clearly asymmetric, with a forward bias turn-on voltage on

the order of 1 V. The reverse bias breakdown voltage is on the

order of 4.5 V for this particular device. Similar characteristics

were also observed for other devices fabricated with Al as the

top contact. The I –V curves for reverse bias and strongly

forward bias are nearly linear functions, suggesting the

presence of a series resistance and reverse bias leakage
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conductance that should be taken into account when modeling

the junction transport measurements. Extracting estimates for

these parasitic elements from the high forward and reverse

biased conditions, a junction I –V curve is extracted and shown

in Fig. 5b. A reasonable fit to a p–n junction diode equation,

namely I = Io[exp(qV/nkT)�1], is then achieved and shown as

the solid line. However, the ideality factor, n, extracted from

the junction equation is unphysically high, estimated to be

between 10 and 20 for multiple devices that were measured.

High ideality factors have been observed in other non-ideal

wide band gap p–n junctions, and have been attributed to

space-charge limited conduction, deep-level-assisted tunneling,

or parasitic rectifying junctions within the device. Neverthe-

less, the I –V characteristics are similar to those observed for

other oxide p–n heterojunctions reported elsewhere, and

strongly suggests that the low carrier density, low mobility

(Zn,Mg)O:P films are p-type. Attempts to observe band edge

emission from the junction bias in the forward direction were

unsuccessful. However, given that the carrier mobility in the

(Zn,Mg)O:P layer was low, efficient light-emitting diode

operation was not expected.

3. Doping for magnetism in ZnO

The field of spintronics has attracted significant attention,

most recently for its potential in providing new functionality

and enhanced performance in semiconducting devices, includ-

ing spin-based field effect transistors (FETs), spin-polarized

lasers and light-emitting diodes (LEDs), non-volatile magnetic

semiconductor memory, and perhaps quantum computing

[29,30]. Contemporary interest in dilute magnetic semiconduc-

tors (DMS) [31–35] has been stimulated by the discovery of

ferromagnetism in Mn-doped GaAs with a Tc of 110 K [36].

This value of Curie temperature is significantly higher than that

observed in previously studied DMS materials. Nevertheless,

the advancement of spintronics as a technology depends upon

the development and understanding of semiconductors that can

support spin-polarized carrier operation at or above room

temperature.

Research efforts have identified several magnetically doped

semiconductors that show evidence of ferromagnetic ordering

above room temperature [37–40], including transition metal-

doped ZnO. As a direct wide band gap material, ZnO is of

interest for photonic, electronic and magnetic applications

[41,42]. Dietl et al. used Zener’s model for ferromagnetism,

driven by exchange interaction between hole charge carriers

and localized spins, to predict ferromagnetism in p-type Mn-

doped ZnO [43]. Motivated by this prediction, numerous

studies have addressed the magnetic properties of transition

metal-doped ZnO with conflicting conclusions regarding

magnetic behavior [44–60]. In particular, for Mn-doped

ZnO, Jung et al. [49] reported low Tc (45 K) ferromagnetism,

whereas Fukumura et al. [50] observed spin-glass behavior

with a spin-freezing temperature of 13 K. For Mn doping, we

have reported ferromagnetism with a Curie temperature

approaching 250 K in Mn implanted, Sn-doped bulk ZnO

crystals [51]. High temperature ferromagnetism was also
reported in (Zn,Mn)O by Sharma et al., with a Tc above 425

K in bulk crystals and above 300 K in thin films [40]. With an

apparent Tc above 300 K, Mn-doped ZnO is attractive for

spintronic technology. Moreover, this material is useful in

delineating the origin of ferromagnetism in a semiconductor

host, primarily due to a lack of ferromagnetic secondary phases

in the Zn–Mn–O phase diagram. For other transition metal

dopants, the possible presence of secondary ferromagnetic

phases can not be easily eliminated as the origin of the

magnetic signals. For Mn-doped ZnO, the only ferromagnetic

composition for this solid solution is Mn3O4, which is

ferrimagnetic with a Curie temperature less than 50 K

[61,62]. Therefore, any room temperature ferromagnetism

cannot be assigned to known secondary phases as none exist.

While experiments indicate high-temperature ferromagne-

tism in these materials, there remain some questions regarding

the origin of the magnetic behavior in Mn-doped ZnO materials.

Dietl’s work predicted that highly p-type, Mn-doped ZnO

should have Curie temperatures in excess of room temperature

[43,63,64]. The theory assumes that ferromagnetic ordering

between the localized moments of the Mn atoms is mediated by

free holes in the material. While high hole concentrations are

predicted to yield high Curie temperatures, carrier-mediated

ferromagnetism in n-type material should be limited to lower

temperatures. This distinction in carrier type is attributed to the

smaller density of states and exchange integral for Mn with the

conduction band in comparison to the valence band [65], as the

Mn2+ state lies within the valence band of these materials. It is

important to recognize that the exchange interaction for Mn,

when placed in the wide band gap semiconductors, is

fundamentally different from the other transition metal ions.

Mn d-states lie in the valence band while the other transition

metals d-state orbitals introduce states within the gap. There are

apparent discrepancies between Dietl’s model and the experi-

mental results for Mn-doped ZnO. In these materials, ferro-

magnetism has been reported in n-type and/or semi-insulating

samples. In fact, achieving high hole carrier density in ZnO is a

significant challenge that is being actively pursued for

electronic applications [66]. An alternative model addresses

whether ferromagnetic ordering of the Mn moments could

originate from carriers (holes) that are present in the material,

but localized at the transition metal impurity [67,68]. The bound

magnetic polaron model assumes an exchange interaction

between the transition metal (Mn) ion and localized (trapped)

holes that are spatially near the Mn ion. As temperature

decreases, the size of the bound magnetic polaron grows until

its radius overlaps that of neighboring polarons. This enables

ferromagnetic ordering of the Mn ions in an otherwise

insulating or semi-insulating material. Predictions based on

this bound magnetic polaron model suggest that ferromagnetic

ordering is possible. However, for Mn, it still depends on the

availability of holes, albeit a localized distribution.

4. Experiments for Mn,Sn-doped ZnO

Epitaxial Mn,Sn-doped ZnO films were grown by conven-

tional pulsed laser deposition. Laser ablation targets were



Fig. 7. X-ray diffraction of an epitaxial ZnO film doped with 3% Mn and 0.1%

Sn that was deposited at 500 -C and p(O2)=20 mTorr: (a) an x-rocking curve

of the ZnO (002) peak with a FWHM of 0.5-; (b) in-plane / scan of the ZnO

(101) planes.
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prepared from high purity powders of ZnO (99.999%), with

MnO2 (99.999%) and SnO2 (99.95%) serving as the doping

agents. The pressed targets were sintered at 1000 -C for 12 h in

air. The targets were fabricated with a nominal composition of

3 at.% Mn and 0, 0.1, 0.01, and 0.001 at.% Sn. A Lambda

Physik KrF excimer laser was used as the ablation source. The

laser energy density was 1–3 J/cm2 with a laser repetition rate

of 1 Hz and target-to-substrate distance of 6 cm. The growth

chamber exhibits a base pressure of 10�5 Torr. Films were

deposited onto single crystal, c-plane oriented sapphire sub-

strates. Film growth was conducted over a temperature range of

400–600 -C. An oxygen pressure of 20 mTorr was used for all

film growth experiments. Film thicknesses were approximately

300 to 400 nm. X-ray diffraction was used to determine the

crystallinity and secondary phase formation. SQUID magne-

tometry was used to characterize the ferromagnetic behavior of

the doped films, focusing on the films grown at 400 -C.

5. Results for Mn,Sn-doped ZnO

The phase stability and solid solubility of Mn in the ZnO

films were investigated as a function of growth temperature for

films with varying Sn concentrations. Fig. 6 shows the X-ray

diffraction scans for films deposited under the given growth

conditions. In all cases, the dominant film peaks correspond to c-

axis perpendicular ZnO. Note that, for some of the films,

segregation of theMn3O4 phase is evident in the diffraction data.

As mentioned earlier, the Mn3O4 phase is ferromagnetic with a

Curie temperature less than 50 K. The narrow peak located near

31- is an artifact peak from the sapphire substrate. Previous

reports from Fukumura et al. indicated that epitaxial ZnO films

with aMn concentration as high as 35% could be achieved while

maintaining the wurtzite structure using pulsed laser deposition

[69]. In this study, we find evidence forMn oxide precipitation at

a Mn concentration of only 3 at.% Mn, although the intensity of

diffraction peaks from Mn3O4 varies with growth temperatures

and Sn concentrations. This discrepancy between this work and
Fig. 6. X-ray diffraction of ZnO films co-doped with Mn and Sn grown at an

oxygen partial pressure of 20 mTorr and growth temperatures of 400, 500, and

600 -C. The target was ZnO doped with 3% Mn and 0.01% Sn.
that of Fukumura might be attributed to the higher oxygen

pressure used in our experiments (20 mTorr) as compared to

5�10�5 Torr in Fukumura’s experiments. Note that the

precipitation of Sn-containing phases is not observed in the

diffraction scan, nor is it expected even if present as the nominal

concentration of Sn in the films is �0.1%.

The epitaxial nature of the ZnO films was determined using

four-circle high-resolution X-ray diffraction. Fig. 7a shows the

X-ray diffraction x-scan about the ZnO (002) peak for the film

grown on c-plane sapphire substrate at a growth temperature of

500 -C and Sn concentration of 0.1%. The ZnO (002) rocking

curve displays a full-width at half maximum (FWHM) of 0.5-.
The in-plane alignment is evident in the /-scan of the ZnO

(101) plane shown in Fig. 7b. The /-scan peaks at 60-
intervals are consistent with the hexagonal symmetry of the

epitaxial ZnO wurtzite structure.

The room temperature resistivity for Mn-doped ZnO films

with varying concentrations of Sn was determined using a four-

point van der Pauw geometry. Defect chemistry calculations for

Mn-doped ZnO indicate that Mn2+ forms a donor level ¨2.0

eV below the conduction band edge [70]. This deep donor state

with Mn substitution on the Zn site in ZnO has no direct effect

on the electron concentration at room temperature. However,

defect chemistry calculations also indicate a reduction in Zn

interstitials with Mn doping. Zn interstitials are generally



Table 1

Resistivity as a function of Sn content in co-doped ZnO:3% Mn films

Sn concentration (%)

0.0 0.001 0.01 0.1

Resistivity (V cm) 195 320 17 0.185

Fig. 9. A plot showing the dependence of the coercive field on Sn concentration

at different SQUID measurement temperatures.
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accepted as the primary shallow donor defects in nominally

undoped ZnO. This will yield an increase in resistivity for Mn-

doped films as compared to undoped material [70–72]. The

Mn-doped ZnO films with no Sn exhibit a resistivity on the

order of 102 V cm with a carrier density of mid-1016/cm3. This

carrier density is substantially lower than that seen for undoped

epitaxial films, and is consistent with the reduction of shallow

donors. Limited results on the doping behavior of Sn in ZnO

indicate that it introduces a donor state [73–77], although in

some II–VI compound semiconductors, Sn is an amphoteric

dopant, substituting on either the II or VI site [78,79]. For ZnO,

the expectation is that Sn will substitute on the Zn site due to a

close match in ionic radii between Zn2+ (0.074 nm) and Sn4+

(0.069 nm). For the epitaxial films considered in this work, Sn

behaves as a donor. The resistivity of ZnO:Mn films with

various Sn content is shown in Table 1. The resistivity of the
Fig. 8. SQUID measurements for epitaxial ZnO:3% Mn films without (a) and

with (b) Sn co-doping. Notice that the film without Sn exhibits little or no

hysteresis, whereas the film with Sn shows hysteresis.

Fig. 10. Magnetization measured at 300 K for epitaxial ZnO:3% Mn films tha

are co-doped with 0.001% Sn, 0.01% Sn, 0.1% Sn, and no Sn. There appears to

be an inverse correlation of the Sn content with the saturation magnetization.
films drops rapidly with Sn doping, with a minimum of 0.185

V cm for a Sn concentration of 0.1%. The most common

valence state of Sn is +4, yielding a doubly ionized donor if

doped substitutionally on the Zn site. Hall measurements

indicate that the films are increasingly n-type with Sn doping

up to 0.1 at.%. It should also be noted that other work has

shown that the addition of Sn to ZnO ceramics also yields an

enhancement in crystallinity [73,74].

The magnetic properties of the films were measured using a

Quantum Design SQUID magnetometer. The diamagnetic

responses of the substrate and host semiconductor were

subtracted from the magnetization plots. The primary focus

of the measurements was to determine how the magnetic

properties of the films changed as a function of electron density

as controlled by Sn concentration. Samples that showed

minimal amounts of Mn3O4 precipitation via X-ray diffraction

were used for the SQUID measurements. Fig. 8 shows the

magnetization as a function of applied magnetic field for

epitaxial ZnO:3% Mn films both without (a) and with (b) Sn

co-doping. For the Mn-doped film with no Sn, saturation in the

magnetization is observed, but with little evidence for

hysteresis in the M vs. H curves. In contrast, the ZnO film

doped with both Mn and Sn exhibits clear hysteresis. From the
t
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hysteresis curves, one can also observe an increase in loop

width with increasing Sn concentration. Fig. 9 shows the

coercive field as a function of Sn concentration, suggesting

domain pinning as the Sn doping is increased. It is unclear why

the addition of Sn enhances the hysteretic magnetization

response in Mn-doped films. It might indicate enhanced

pinning of domains due to the Sn dopants.

Most interesting is the saturation magnetization behavior as

Sn content is increased. As noted earlier, increasing Sn

concentration increases electron density and conductivity.

Fig. 10 shows the room temperature magnetization versus

field behavior for the ZnO samples containing 3% Mn and Sn

contents of 0, 0.1, 0.01, and 0.001%. Magnetization is given as

the magnetic moment/Mn dopant ion. Initially, there is an

increase in magnetization with minimal Sn doping. However,

with increasing Sn doping, there is an inverse correlation

between the Sn content and saturation magnetization. As the

electron density increases with Sn doping, the magnetization

decreases. The maximum magnetization corresponds to a

magnetic moment/Mn ion of ¨0.5 Bohr magnetrons/Mn. This

is consistent with the bound magnetic polaron model in which

only a fraction of the Mn ions are expected to order

ferromagnetically due to competing superexchange antiferro-

magnetic interactions between neighboring Mn ions [80]. The

inverse correlation of saturation magnetization with electron

density is interesting and provides some insight into the

mechanism for ferromagnetism in Mn-doped ZnO. This has

been observed via P-doped in Mn-doped ZnO films as well.

Overlap of the Mn d-states with the valence band suggests that

holes are necessary in order to induce ferromagnetic order. For

semi-insulating films to exhibit ferromagnetism, the bound

magnetic polaron model provides a mechanism whereby holes

that are localized at or near the Mn ions are responsible for

mediating ferromagnetism. The addition of electrons to the

system will move the Fermi energy level up in the band gap,

resulting in a decrease in hole density and a reduction in

magnetization. This appears consistent with early work on

trivalent doped (Zn,Mn)O where no ferromagnetism was

observed for heavily n-type films. It may also explain the

discrepancy from other studies of Mn-doped ZnO films in

which the intrinsic defect-mediated donor states are high in

density. It is important to note the need to maintain a Mn

concentration low enough to avoid Mn–Mn antiferromagnetic

interactions, which are likely to dominate high Mn-doped ZnO

films.
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D. Ferrand, S. Tatarenko, A. Wasiela, Phys. Status Solidi, B 229 (2002)

665.


	Charge carrier and spin doping in ZnO thin films
	Introduction
	P-type doping in ZnO
	P-type behavior in phosphorus-doped ZnO structures

	Doping for magnetism in ZnO
	Experiments for Mn,Sn-doped ZnO
	Results for Mn,Sn-doped ZnO
	Acknowledgments
	References


