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SYNTHESIS, BULK AND SURFACE CHARACTERIZATION OF NIOBIUM 
DOPED Fe203 SINGLE CRYSTALS 

C. Sanchez, M. Hendewerk, K.D. Sieber, G.A. Somorjai 

Abstract 

Single crystals of niobium substituted ~Fe203 were grown by using 

chemical vapor transport with tellurium tetrachloride and were characterized 

by using bulk methods (x-rays , resistivity, magnetism) and surface techniques 

(LEED, Auger, XPS). Niobium substituted ~Fe203 crystallizes with the corun-

dum structure, and is an extrinsic n-type semiconductor with a room temperature 

resistivity of approximately 8SQcm, and an activation energy for conduct iv-

ity of 0.22eV. Low temperature susceptibility measurements suggest that the 

substitution of niobium(V) in octahedral sites leads to reduction of iron(III) 

to iron(II) without ,spinel phase inclusions. The main face of the single crystal 

platelets is the (001) basal plane of a-Fe203. The surface is very well 

ordered as shown by LEED. These crystals show good potential for application in 

both photoelectrochemistry and surface science studies. 
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INTRODUCTION 

The interesting catalytic and photoelectrochemical properties of 

iron oxide are linked to its behavior as a semiconductor (1){2). Stoichiometric 

hematite, a-Fe203, is intrinsically an n-type semiconductor with a bandgap 

of 2.2eV (3){4) (visible light), but is an insulator at room .temperatures 

(R>106~m) (5){6). Iron oxide is inexpensive, is extremely stable under 

acidic and basic aqueous conditions, and useful optical properties (good match­

ing between the bandgap and the solar spectrum and a large absorption coeffi­

cient). 

It is possible to produce a less resistive semiconducting oxide material 

by reducing some of the iron{III) to the iron{II) state (7). Hematite is then a 

mixed valence compound with enhan.ced conductivity at room temperature which are 

due to a hopping process of electrons between Fe2+ and Fe3+ ions (6). The 

Fe2+ can be introduced by producing oxygen deficiencies or by adding a dopant 

which induces a charge compensation process. However, the corundum a-Fe203 

phase has a low solubility for M2+ ions since an Fe{III)2_xFe{II)x03 stoichio­

metry induces the formation of the Fe304 spinel phase. Thus it is difficult 

to prepare homogeneous semiconducting samples of Fe203 in which semi conductive 

properties do not arise from Fe304 phase inclusions. It has been shown that 

it is possible to prepare ternary solid solutions of Fe203 with Ti02 (8) and 

zr02 (9) which are conducting and which do not contain spinel phase inclusions. 

We have recently synthesized germanium doped Fe203 single crystals (lO) which 

are also conductive without spinel phase inclusions and which exhibit good photo­

electrochemical properties. However, because the germanium ions are smaller 

than iron ions the germanium can either substitute for iron in an octahedral 

site in the iron oxide lattice or occupy an interstitial tetrahedral site. 

Kennedy et. al. have shown that it is possible to dope iron oxide with niobium, 
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in the form of sintered pellets, which do exhibit photoelectrochemical behavior 

(2). For this work we have chosen to dope single crystals of Fe203 with niobium. 

Because of the extended 4d orbitals niobium will be forced to occupy a substitu­

tional octahedral site. 

In this 

of Fe2-~bx03 

paper we report 

(x(2%) single 

the preparation and characteristic properties 

crystals. We have prepared very high quality 

crystals by chemical vapor transport have characterized them by bulk methods 

(x-rays, magnetic susceptibility, electrochemistry) and surface analytical 

techniques (Auger, XPS, LEED). I t was found that Nb subs ti tuted Fe203 crystal­

lizes with the corundum structure and with no spinel phase inclusions. The 

crystals are large with surface areas of 5mm2 to 35mm2 and thicknesses of 0.1 

to Imm. Low energy electron diffraction patterns were obtained from these crys-

tals before cleaning or annealing the surfaces, which indicates that the crystal 

surfaces are very well ordered. They do not have reconstructed surfaces or 

ordered defects and contain very little carbon or other impurities. Very. few 

studies have been carried out with the Fe2-xNhx03 ternary system, yet we find 

that these materials are quite active as photoanodes and as materials to study 

photooxidation processes. 

EXPERIMENTAL 

Single crystals of niobium substituted Fe203 were prepared by chemical 

vapor transport using tellurium(IV} tetrachloride as a transport agent. 

Approximately 1 gram of charge consisting of Fe203 (MeB reagent) with 1 

mole percent of elemental niobium was placed in a 15cm x 13mm I.D. silica 

tube along with approximately 20mg of Te metal. The tube was then evacuated 

to below I micron and backfilled with 400 torr of chlorine gas then .sealed. An 

identical procedure was used to prepare pure Fe203 crystals for comparison, 

except that the addition of niobium to the charge was omitted. The tubes were 
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then placed in the zone transport furnace and after 24 hours of back transport 

from 9000C to 800°C the charge was transported for 10 days. The tempera­

ture of the charge zone was 890°C and that of the growth zone 780°C. 

After 10 days the furnace was turned off and left to cool to room temperature. 

The tubes were then removed from the furnace, opened under vacuum, and the product 

washed with dilute nitric acid, rinsed with water, then dried with acetone. The 

6 x 5 x 1 mm platelets shown in Figure 1 were grown using this technique. The 

major face of the crystals, as determined by x-ray diffraction was the (001) 

basal plane. 

BULK CHARACTERIZATION 

X-ray powder diffraction was performed on ground single crystal powders 

using a Siemens model D500 powder diffractometer equipped with monochromated Cu 

Ka radiation. Fast scans were carried out using a scan rate of 6° 2a/min 

for phase identification. Slow scans for lattice parameter determination were 

carried out using a scan rate of 0.5 0 2a/min and lattice parameters were 

calculated using a least squares refinement technique with the aid of a computer. 

All cell parameters were calculated using hexagonal indexing, and all crystalline 

directions referred to hereafter are with reference to the hexagonal unit cell. 

The electrical properties of samples were measured using the Van der Pauw 

(11) four probe technique and all crystals were measured in the (001) basal 

plane. Contacts to the samples were made using an indium-gallium eutectic and 

the ohmicity of the contact was verified by repetitive measurement of the resis­

tivity at several different current magnitudes between 10lJA and 100mA. The 

variation of the electrical resistivity with temperature was measured using the 

same techniques except that the ohmic contacts were provided by ultrasonic solder­

ing of pure indium metal. The carrier type of the conducting crystals was deter­

mined by qualitative measurement of the Seeback voltage at room temperature. 
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The magnetic properties of ground single crystal powders were investigated 

using an S.H.E. Corporation "SQUID" susceptometer. The magnetic susceptibility 

of samples was measured at varying field strengths between 5 and 25kG in the 

temperature region between 200K and 10K to examine the field dependence of the 

'sample susceptibility at various temperatures. 

SURFACE CHARACTERIZATION 

Surface analysis experiments were carried out in an ultra high vacuum chamber 

with a base pressure of 2 x 10-10 torr. The chamber is equipped with Physical 

Electronics instruments for low energy electron diffraction (LEED), x-ray photo­

electron spectroscopy (XPS), Auger, and argon ion bombardment. The detector 

used was a double pass cylindrical mirror analyzer. First order diffraction 

patterns (LEED) were obtained with an incident electron beam energy of 68eV. 

XPS spectra were obtained using the Ka x-rays from a Mg anode as excitation 

radiation. The binding energies were measured with respect to the C(ls) peak 

which was assumed to be 284.5eV. Auger analysis was performed using an incident 

electron beam of 2 keV energy and I mA emission current. The crystals were 

cleaned using Ar ion bombardment. The argon gas pressure was maintained at 5 x 

10-5 torr and the ion gun operated at 1.5 keV and 10mA. Samples were sputtered 

for very short times in order to remove carbonaceous deposits but not reduce the 

sample significantly. The crystals were annealed at -700oC by resistively 

heating the tantalum foil on which the crystal was mounted. 

PHOTOELECTROCHEMICAL MEASUREMENTS 

The cyclic voltammetrymeasurements were carried out using a Pine RDE-3 

potentiostat in a standard three electrode configuration with a platinum counter 

electrode and an SCE reference electrode i.n an all quartz cell. The illumination 

source was a 300W tungsten halogen lamp. The light was passed through an IR 

filter to reduce heating of the sample. The intensity of the focussed light as 
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determined with a calibrated thermopile was approximately 30mW/caf. The electro­

lyte was 1 molar NaOR prepared using distilled deionized water and Mallenckrodt 

analytical grade NaOR pellets. Electrodes of niobium substituted Fe203 were 

prepared by mounting the crystals on a copper plate with an indium-gallium eutec­

tic to provide an ohmic contact. The copper plate was attached to a glass covered 

metallic lead, and the entire assembly was insulated with a silicon resin. 

RESULTS AND DISCUSSION 

X-RAY STUDIES 

The results of the crystal growth experiments show that Nb substituted 

Fe203 can be grown under the same conditions as pure Fe203. 

crystallized with the corundum structure which can be described as a hexagonal 

close packed array of oxygen anions in which two thirds of the octahedral inter­

stices are occupied by cations. X-ray powder diffraction patterns of the Nb 

substituted and pure ground single crystals indicated single phase cClrundum 

patterns in all cases. It was concluded that the niobium substituted and pure 

materials are therefore isostructural. The major face of the single crystals 

was the (001) basal plane, and the least squares lattice parameters determined 

for niobium substituted Fe203 are a - 5.033A, b - 13.74A. These results 

are the same as those of pure Fe203 (12) and in good agreement with several 

examples given for single crystals prepared by CVT (10)(13). 

In order to determine the composition of the solid solution of niobium in 

the corundum lattice we have performed elemental analysis of the niobium doped 

a-Fe203 crystals using a scanning electron microscope equipped with a 

Kevex probe. These experiments show the presence of niobium at a concentration 

of approximately 1.4 atomic percent, which is very near the detection limit of 

theKEVEX probe. These results suggest that the niobium concentration in our 

substituted crystals is around two mole percent or less. This is in complete 
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agreement with the phase diagram for Fe2_xNbx03 ternaries, which indicates an 

a-Fe203 solid solution of niobium at low concentration, less than 2 + 1% 

(14). Moreover, t.ernary systems like Fe4Nb209 also crystallize with the cor­

undum structure (15), and this prob~bly accounts for the existence of a solid 

solution of niobium in the a-Fe203 with conservation of the corundum structure. 

It is obvious that the apparent lack of change in the lattice parameters of the 

niobium substituted Fe203 relative to the pure phase is due to the fact that 

only a very small amount of niobium was substituted into the lattice. 

ELECTRICAL PROPERTIES 

The room temperature resistivity of single crystals of Fe2-xNbx03 (x-

0.015 is about 85 + 5Qcm while that of pure Fe203 crystals grown under the 

same conditions is greater than 106Qcm. These values are in good agreement 

with values reported in the literature for Zr and Ti doped Fe203 (9)(16) •. The 

decrease in resistivity is explained by the substitution of iron(III) by niobium 

(V) in the corundum lattice which leads to a reduction of iron(III) to iron(II). 

Qualitative measurements of the Seebeck voltage showed the Nb substituted 

Fe203 to be an n-type semiconductor. Quantitative Seebeck experiments and 

electrical measurements carried out on doped Fe203 (5)(6) have shoWn that the 

mobility in these materials is thermally activated (5)( 6)(7)( 17) and that con­

ductivity occurs via an electronic hopping between Fe(II) and Fe(III). 

A plot of. the logarithm of resistivity versus lIT for niobium doped Fe203 

is shown in Figure 2. In the range of temperature (160K to 300K) this curve 

follows an Arrhenius behavior. From the slope of this curve we can extract the 

activation energy of the conductivity which is about O.22eV. This value is 

consistent with those reported in the literature for materials based on iron 

oxide (7)(10). Small differences between the activation energy for germanium 

doped Fe203, 0.12, (7) and niobium doped Fe203, can be accounted for from a 
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small shift in the Fermi level which occurs as a result of the differences in 

the carrier concentrations of these two crystals. Assuming a mobility at room 

temperature of about O.lcm2Vs (17) for these materials, and taking their respect~ 

ive values of the restivity (R - 5~m for germanium doped a-Fe203, and R 

- 85.Gcm for niobium doped a-Fe203), this gives rise to the following 

carrier densities: ND(Fe2_xGex03) - 1.25 x l019 cm-3 and ND(Fe2_xNbx03) - 7.4 x 

l017cm-3. A lowering of the Fermi level of about O.06eV is expected for each 

order of magnitude decrease in donor densities (18), which is consistent with 

the difference of about O.leV between our Nb and Ge doped crystals. 

MAGNETIC SUSCEPTIBILITY 

Although the x-ray diffraction patterns of the powdered single crystals 

indicate that the corundum structure is the only phase present, the possibility 

still exists that Fe304 phase inclusions below the detection limit of x-ray 

diffraction might be present. 

also produce an n-type semiconductor (19). The electrical conduction in that 

case would occur through a percolation of carriers provided by the spinel phase 

inclusions because Fe203 is a high resistivity material while Fe304 is a semi-

metal at room temperature (7). The presence of Fe304 phase inclusions in 

Fe203 can be detected by measuring the magnetic susceptibility of the material 

at various magnetic field strengths. If Fe304 phase inclusions were present 

in these materials a constant and dramatic field dependence on temperature should 

be observed. There would be no contribution to the magnetic field dependence 

from Fe203 because hematite is antiferromagnetically ordered in the temperature 

domain (10K - 200K) studied. 

A Honda Owens plot representing the variation of magnetic susceptibility 

with reciprocal field strength for Nb substituted Fe203 is presented in Figure 

3. The plot for Fe203 is shown in the same Figure. The temperature range 
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investigated is 10K to 200K, well below the Curie Temperature of Fe304. The 

Honda Owens plot should exhibit a distinct positive slope if ferrimagnetic Fe304 

inclusions are present in our materials. Two important observations can be made 

from these experiments. The first is that the magnitude of the magnetic suscept­

ibility is the same in the Nb substituted Fe203 as in the pure Fe203. The 

second is that our Honda Owens plots exhibit slightly negative slopes, indicating 

a weakly antiferromagnetic coupling. From these observations we can conclude 

that the Nb doped Fe203 single crystals are free of spinel phase inclusions 

and are homogeneous materials. 

The magnetic properties of the Nb substituted Fe203 are slightly different 

from those which we recently reported for Ge substituted Fe203 (10). In the 

latter case the Honda Owens plot exhibited almost constant but slightly positive 

slopes. This difference in magnetic properties may be due to differences in the 

substitutional nature of the Ge and Nb atoms in the corundum lattice. It is 

more probable that niobium is really replacing an iron(III) atom in an octahedral 

site rather than occupying an intersitial tetrahedral site because Nb is a large 

ion with extensive 4d orbitals. This is supported by the experiment reported by 

Bertaut. He found, by using magnetic measurements and neutron diffraction, 

that niobimn occupies the octahedral site in corundum structures like Fe4Nb209 

(15). Germanium, on the other hand, is smaller than the Fe and would be expected 

to substitute in intersitial sites satisfying the tendency of smaller cations to 

favor tetrahedral coordination. It might be useful to perform experiments such 

as ESR to characterize the paramagnetic defects of doped iron oxides in order to 

elucidate the exact role of the dopant in these materials. 

SURFACE CHARACTERIZATION 

In addition to the high purity and homogeneity of the Nb doped crystals in 

the bulk, we have found that the crystal surfaces are also homogeneous and 
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virtually free of defects or impurities directly after the preparation procedure. 

The major face of the crystals was determined to be the (001) basal plane by 

bulk x-ray diffraction. A pictorial representation of this hexagonal packed 

array of oxygen atoms with octahedrally coordinated iron atoms is shown in 

Figure 4. A LEED pattern of the Nb doped single crystals is also shown in Figure 

4. The hexagonal pattern is indicative of the (001) face as can be seen by the 

cross sectional representation. This LEED pattern was obtained from the crystals, 

as received. The intensity of the diffraction spots was low but easily detect­

able. Auger analysis of the crystals showed that several monolayers of carbon 

are present on the freshly prepared surfaces which attenuates the intensity of 

the iron oxide crystal diffraction spots. After cleaning the sample with argon 

ion bombardment for several minutes and subsequently annealing the crystal to 

-700°C for 10 minutes, no trace of carbon was seen by Auger. The LEED 

pattern became very sharp but did not change, indicating that the surface was 

not reconstructed nor had any ordered defects directly after preparation. 

The Auger analysis of the samples before the argon ion bombardment showed 

the presence of oxygen, iron, niobium, carbon, and trace amounts of chlorine 

(from the charge in the transport). After cleaning the crystal, no impurities 

were detected. XPS spectra were used to quantitatively measure the relative 

amounts of iron, oxygen, and niobium. These results showed that Nb was present 

at the surface in amounts of <1%, while the Auger peak to peak ratio of 

O(510)/Fe(651) was 3.0 + 0.2 in agreement with previous Auger studies (20). 

DC VOLTAMMETRY EXPERIMENTS 

DC voltammetry experiments were carried out as a simple test of the photo­

electrochemical properties of the Nb doped single crystals. They were performed 

on the (001) basal plane of the crystals in one molar NaOH solution. The cyclic 

voltammograms observed under cathodic and anodic bias exhibited the characteris-
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tics of an ideal n-type semiconductor diode. The voltsmmograms measured in the 

dark showed very low dark curr~nts, well below 'I )JA/cm2 in the range between 

-1 V and +0.7 V (SCE). DC voltammograms taken from crystals under the illumina-

tion of a tungsten halogen lamp showed photocurrents on the order of 500 to 

700~/cm2 at +0.4 V (SCE) as shown in Figure 5. These photocurrents are 

most likely due to photoinduced electrolysis of water. Continuous cycling ex­

periments showed that these materials were stable under illumination. There was 

no observable attenuation of the photocurrents and no visible tarnishing of the 

crystal surface. 

The qualitative behavior of the single crystal electrodes is in good agree­

ment with that of a-Fe203 photoanode materials reported in the literature (2) 

(10)(21 )(22), except that no photocathodic currents were ever observed at nega­

tive potentials (22)(19). There is an additional interesting feature which is 

observable in the cyclic voltammograms of these Nb doped Fe203 crystals. 

These crystals exhibit a second photooxidation process which is depicted in 

Figure Sas wave A. When cycling the electrode from -1.0 V to 0.7 V (SCE) with 

the light on, the photooxidation wave A appears. If the light is switched off 

as the cycling continues from +0.7 V to -1.0 V, wave B appears - even under 

these dark conditions. If we start at the positive potential with the light on, 

before the potential at which wave B should appear, we do not obtain the reduction 

wave. But if we turn the light on as we continue the cycle, sweeping anodically, 

wave A appears. The redox potential at which this oxidation reduction process 

I", occurs is approximately -0.2 V (SCE) in a solution of pH - 14. This value shifts 

by about 25 mV per pH unit which implies that the redox reaction is a two electron 

process. After etching the crystal in H202 or after a few days of electrochemical 

experiments this phenomenon disappears. 

In summary, the reduction wave occurs both in the light and the dark, but 
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only after cycling through the oxidation region. This implies that either the 

oxidation is reversible or that a species on the surface is being oxidized to 

form a species which is then reduced to a non-reactive form which remains on the 

surface or is desorbed. The fact that the phenomenon disappears with time or 

with H202 etching makes the latter presumption most plausible. 

Despite the behavior of this unknown redox reaction the quantum efficiency 

for the photodissociation of water for these materials does not change with time 

The quantum efficiency is around 40% for these Nb doped crystals at a bias of 

+0.5 V (SCE) with 3700. illumination both before and after the waves at -0.2 V 

vs SCE are gone, which is more than twice that reported for most doped iron 

oxide materials (23)(24). A more quantitative photoelectrochemical study is 

in progress (25). 

CONCLUSIONS 

It has been shown that a homogeneous conducting corundum phase of Fe203 

can be prepared by chemical vapor transport from the ternary solution of Fe2-xNbx03 

where 0 < x < 0.02. Niobium substituted Fe203 crystallizes with the corundum 

structure and is an n-type semiconductor which behaves well as an electrochemical 

anode for the photooxidation of water. The room temperature resistivity of 

85Ucm for these crystals is significant since one of the barriers toward 

using iron oxide more successfully as a photoanode has been the high intrinsic 

resistivity of the undoped material. Magnetic susceptibility studies suggest 

that the conductivity of the samples arises from charge compensation resulting 

from reduction of iron(lll) to iron(ll) upon niobium substitution in the structure. 

Electrical measurements give an activation energy for the electron hopping of 

0.22eV. 

The surfaces of these crystals have also been shown to be of the same compo­

sition as the bulk which emphasizes the homogeneity of the material. Composition-
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a1 analysis by Auger electron spectroscopy indicates that there is a layer of 

carbon on the surface which is easily removed by argon ion bombardment. Most 

important is the fact that we can obtain a LEED pattern from these single crys­

tals directly after preparation. The hexagonal LEED pattern observed agrees 

with the bulk x-ray diffraction data showing that the crystals have grown in the 

orientation of the (OOl) face of the corundum structure. XPS data show that 

the concentration of Nb at the surface is on the same order as that in the 

bulk, i.e. that there is no surface segregation of the Nb. The O/Fe ratio from 

XPS is also indicative of the Fe203 phase. 

The large size of these crystals combined with the homogeneity of the surface 

and bulk make these materials a good prototype for studying catalytic or simulated 

electrochemical reactions in an ultra high vacuum chamber. The photoanode be­

havior of the Nb doped crystals competes well both qualitatively and quantitatively 

with doped polycrystal1ine samples. Because these crystals are very homogeneous, 

while sintered po1ycrysta1line materials are usually not, these single crystals 

can be used to understand the fundamental processes (mechanisms) for a variety 

of reactions. 
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FIGURE CAPTIONS 

Figure 1. Photograph of Nb-doped iron oxide single crystal platelets 

6 mm x 5 mm x 1 mm. 

Figure 2. Arrhenius plot of resistance as a function of temperature 

(log R vs. liT) for Nb-doped iron oxide single crystals. 

Figure 3. ,Magnetic sUEjceptibil1ty vs. l/H for Nb-doped iron oxide single 

crystals. 

Figure 4. A) Model of the corundum (001) structure. The solid circles 

represent Fe3+ ions. The open circles are the first layer of 

02- ions, the shaded circles are the second layer of 02- ions. 

B) LEED pattern of the Nb-doped iron oxide single crystals. 

Beam energy of 102 eV. 

Figure 5. DC voltammogram for Nb-doped iron oxide single crystals. 
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