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The authors report field emission from nanometer-sharp tips of polarized PbZrxTi1�xO3 (PZT),

silicon, and platinum. The PZT nanoemitters are fabricated in a batch fabrication process from

single-crystal silicon tips that are coated with a 30 nm thick film of crystalline PZT. The

nanoemitters start to emit electrons at fields as low as 2 V/lm and reach threshold emission, or

turn-on, at fields as low as 3.9 V/lm. The turn-on field is 3.9 V/lm for PbZr0.2Ti0.8O3, 6.8 V/lm for

PbZr0.52Ti0.48O3, and 10.75 V/lm for PbZr0.8Ti0.2O3. The silicon nanoemitters have an electron

emission turn-on field of 7.2 V/lm, and the platinum nanoemitters have an electron emission

turn-on field of 5.75 V/lm. Using a Fowler-Nordheim analysis, the calculated effective work

function of the PbZr0.2Ti0.8O3 film is 1.00 eV, and the field amplification factor is �1526. VC 2013
American Vacuum Society. [http://dx.doi.org/10.1116/1.4793219]

I. INTRODUCTION

Electron beams are used in a wide variety of commercial

manufacturing processes, consumer products, and research

tools, including free electron lasers,1 x-ray tubes,2 field emis-

sion displays,3,4 and electron microscopes.5,6 Electron field

emission from cold cathodes using only large electric fields

provides a compact, low-power, room temperature method

for generating beams of electrons.7–10 Much research has

been published on reducing the electric field necessary to

emit electrons from a surface.11–17 Improved emitters requir-

ing smaller electric fields would enable field emission in

devices with portable, inexpensive power supplies. In

general, however, microfabricated cathodes still require

relatively large electric fields for cold cathode emission.

This paper reports measurements of field emission from

nanometer-scale tips of ferroelectric thin films, as well as sil-

icon and platinum. These tips emit electrons at lower field

strengths than other solid-state microfabricated cathodes that

appear in the literature.

A cold cathode emits electrons when an electric field nar-

rows the potential barrier, allowing electrons to tunnel from

the cathode into vacuum.7,18–20 This field emission process

is enhanced by concentration of the electric field at sharp

asperities7,21,22 and reduction of the potential barrier with

low work function cathode materials.23–25 Emission current

from a single emitting tip is limited by its nanometer-scale

tip area, but the current can be increased by using many

emitters in an array. The electron emission turn-on field,

EON, can be defined as the electric field necessary to generate

a current density of 0.5 lA/cm2. Previous articles have

reported silicon tip emitter arrays with turn-on electric fields

of 13.3–70 V/lm (Refs. 26–28) and ferroelectric tip emitter

arrays with turn-on electric fields of 4–19 V/lm.13,29 The

lowest reported turn-on field for a silicon tip coated with a

ferroelectric film is 4 V/lm from Ba0.67Sr0.33TiO3.13 The

reduced energy barrier to electron emission for ferroelectrics

is not well understood from a theoretical standpoint,

although the performance of a ferroelectric emitter has been

observed to correlate with crystal quality and spontaneous

polarization strength.30,31 There is a lack of published data

on field emission from microfabricated cathodes that use epi-

taxial PZT, and it is not known how PZT stoichiometry

affects electron emission.

Cathode emitters based on carbon nanotubes (CNTs),9

semiconductor nanowires,17,32 and nanoparticles14 have all

demonstrated electron emission with low turn-on fields. In

general, these nanomaterial-based cathodes have many indi-

vidual emitters with random heights, nonuniform tip radii,

and arbitrary locations. The height and radius of an emitter

tip are critical parameters for controlling field emission

behavior,22 and accurate emitter placement may be impor-

tant for device integration. In contrast to these bottom-up

fabricated structures, batch-fabricated nanometer-scale tip

emitters can have controlled spatial distribution and uniform

tip morphology. Furthermore, circuit integration of field

emitter devices requires batch microfabrication.

This paper presents field emission from nanometer-scale

tips coated with various compositions of PbZrxTi1�xO3

(PZT x:1 � x), silicon (Si) and platinum (Pt). The nanoemit-

ters are batch microfabricated, and the crystalline PZT films

are epitaxially grown directly on silicon, with no buffer

layer. The ferroelectric nanoemitters have low turn-on elec-

tric fields and effective work functions compared toa)Electronic mail: wpk@illinois.edu
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published values for ferroelectric nanoemitters, and the devi-

ces demonstrate field enhancement factors comparable to or

better than those of CNTs.

II. FABRICATION

Figure 1 shows an array of microfabricated tips 30 nm in

radius and details of a single nanometer-scale tip of Si or

PZT. Batch fabrication of sharp nanometer-scale silicon tips

is described in detail elsewhere33 and is briefly summarized

here. The nanoemitters were fabricated on a 100 mm pol-

ished n-type silicon wafer 500 lm thick, doped with phos-

phorus to a dopant concentration near 1� 1015 cm�3. First,

we formed pillars 2.7 lm in diameter and 2 lm tall using an

inductively coupled plasma (ICP) deep reactive-ion etch

(DRIE). An isotropic wet etch in HNA (2% hydrofluoric

acid, 3% acetic acid, and 95% nitric acid) reduced the pillar

terminus to 0.5 lm in diameter while maintaining a pillar

base diameter of roughly 2.5 lm. Next, we used an iterative

dry oxidation sharpening technique to sharpen the Si tips.33

The tip dimensions were measured in a scanning electron

microscope (SEM). The finished Si nanoemitters had a tip

radius of about 10 nm, height of 1 lm, and base diameter of

approximately 2 lm. The nanoemitters were arranged in a

close-packed array with a 6 lm pitch, but with this fabrica-

tion method the pitch could be further reduced to about

3.5 lm. For later comparison, we sputter coated some nanoe-

mitters with a 5 nm titanium (Ti) adhesion layer below a

75 nm Pt film, resulting in an average tip radius of about

60 nm across an emitter chip.

We deposited fully (00 l)-oriented thin films of ferroelec-

tric PZT using pulsed-laser deposition. Prior to deposition, the

native oxide on the Si nanoemitters was removed with a buf-

fered oxide etch and less than 1 nm of native oxide grew dur-

ing heating to the deposition temperature, according to oxide

growth models using the chamber conditions. During deposi-

tion, the sample was maintained at 650 �C in 200 mTorr of

oxygen while the laser fluence was 1.9 J/cm2 and the laser

repetition rate was 3 Hz. The final film was 30 nm thick, and

the coated tips were about 30 nm in radius. The PZT film stoi-

chiometries from PZT (80:20) to PZT (20:80) were selected

to span the PbZrO3–PbTiO3 phase diagram and include PZT

(52:48) near the morphotropic phase boundary.

The ferroelectric film quality of each stoichiometric com-

position was fully characterized. The films all had a similar

root mean square roughness of 2–4 nm, measured by atomic

force microscopy. The ferroelectric films were switched

under an applied bias during piezoresponse force microscopy

(PFM) analysis. The nonplanar morphology of the nanoemit-

ters complicated some traditional characterization techni-

ques. X-ray diffraction (XRD) on the nanoemitters with

30 nm thick PZT films was problematic; only the PZT

(52:48) showed a strong 002 diffraction peak. For further

verification, we grew similar PZT films that were 100 nm

thick on flat Si wafers using identical growth conditions.

Measurements of x-ray rocking curves confirmed that the

flat films had similar crystal qualities. All three flat samples

were fully (00 l)-oriented and the full-width-at-half-maxi-

mum dimensions of the 002 diffraction peaks were narrow

and consistent. Both the flat and nonplanar films had no sig-

nature of secondary phases or other orientations. See Ref. 34

for further details on the PZT film quality including x-ray

diffraction, atomic force microscopy, and piezoresponse

force microscopy analysis. Overall, the films are of good

quality and represent the first single-phase, (00 l)-oriented

PZT films integrated on nanometer-scale tip arrays.

III. EXPERIMENT

Figure 2 shows the experimental setup for measuring field

emission from the nanoemitter arrays. Emitters were tested

FIG. 1. SEM micrographs of a fabricated nanoemitter array. (a) The single-

crystal silicon nanoemitters are batch fabricated in a 6 lm close-packed

pitch with 3.2� 106 emitters on a 10 mm� 10 mm chip. (b) The tips are fab-

ricated through a combination of deep reactive-ion etching and oxidation

sharpening. Before coating, the silicon tips are 1 lm tall, 2 lm wide at their

base, and have an average tip radius of 10 nm. (c) After coating with a

30 nm thick epitaxial ferroelectric film, the tips have an average tip radius of

30 nm.

FIG. 2. (Color online) Field emission experimental setup. Samples are tested

in vacuum at 10�6–10�7 Torr. The anode has a high voltage positive bias,

which generates a large electric field. The anode–cathode separation dis-

tance is 150 lm.
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in a vacuum chamber at pressures between 10�6 and 10�7

Torr. Prior to emission studies, samples in the vacuum cham-

ber were baked at 200 �C for 20 min to remove any residual

water. A high voltage positive bias, VM, on the machined

stainless steel anode generated a macroscopic electric field,

EM, at the sample surface according to the emitter–anode

separation. Kapton tape provided the macroscopic separa-

tion, dM, of 150 lm between the anode and emitter chip. A

5.5 mm diameter hole in the center of the Kapton tape

defined the macroscopic emission area, AM, of 23.76 mm2.

The silicon chip was secured to the underlying alumina plate

using cured silver paint, which also acted as an electrode for

measuring macroscopic field emission current, IM. We meas-

ured the emission current using this backside electrode con-

nected in series to a 1 GX protection resistor, low-noise

current amplifier, and low-noise preamplifier, in that order.

The 1 GX resistor protected the instrumentation from high-

voltage sparks, the low-noise current amplifier converted the

emission current to a voltage signal, and the preamplifier

low-pass filter removed 60 Hz noise. The combined gain

from the current amplifier and preamplifier was 106.

During field emission measurements, the high voltage posi-

tive bias was increased in 100 V increments and 60 s time

steps. The field emission current was characterized by two

regimes. Above the emission turn-on field but below �13 V/

lm, the emission current was relatively noisy and fluctuated

by approximately 0.1 lA at a given voltage bias. Above 13 V/

lm, the current stabilized and was much less noisy with very

little fluctuation. We measured emission current as a function

of voltage bias at least four times for any given voltage and

checked repeatability by measuring emission at random vol-

tages. Measurement of the field emission current was repeat-

able and without hysteresis for both regimes.

IV. RESULTS AND DISCUSSION

Figure 3 shows measured field emission current, IM, as a

function of the macroscopic electric field, EM. The current

IM represents the aggregate current from all operating tips in

the array, and the field strength EM is the voltage difference

between anode and cathode divided by their separation dis-

tance, dM. The reported current measurements are for the

global, averaged emitter array rather than for individual tips,

as it is unlikely that all tips were functional. The local cur-

rent density and field strength likely vary with position on

the three-dimensional cathode and are discussed later. Error

bars show the standard deviation over at least four data sets.

No electrons are emitted from the nanoemitters until EM is

sufficiently large to provide energy for the electrons to tun-

nel into vacuum. Thus, IM is zero until EM reaches some crit-

ical turn-on field, after which IM increases with increasing

EM. This relationship is described by the Fowler-Nordheim

(F-N) equation, discussed later. The Si and Pt emitters

behave similarly, despite slightly different work functions:

n-type Si with a phosphorus dopant concentration of

1� 1015 cm�3 has a work function of 4.33 eV and polycrys-

talline Pt has a work function of 5.64 eV.35,36 Interestingly,

the PZT (52:48) and PZT (80:20) datasets also agree fairly

well with each other above a field of 14 V/lm. Table I lists

IM at an arbitrary EM threshold of 20 V/lm in order to com-

pare each tip material. The maximum IM for a given EM

increases with increasing Ti content in the PZT films.

Figure 4 shows the measured macroscopic current den-

sity, JM, as a function of EM. JM is calculated as IM divided

FIG. 3. (Color online) Measured field emission current. Error bars show the

standard deviation from the mean of at least four data sets. Data are shown

for silicon nanoemitters, platinum nanoemitters, and PbZrxTi1�xO3 (PZT

x:1�x) nanoemitters. For the PZT nanoemitters, emission turns on earlier

and reaches higher emission currents with increasing titanium content.

TABLE I. Electron current and emission turn-on field for nanoemitters.

Tip material

Electron

currenta IM (lA)

Emission turn-on

fieldb EON (V/lm)

Si 1.98 7.2

Pt 1.83 5.8

PZT (20:80) 2.61 3.9

PZT (52:48) 1.50 6.8

PZT (80:20) 1.37 10.8

aThe threshold electric field is 20 V/lm.
bThe threshold current density is 0.5 lA/cm2.

FIG. 4. (Color online) Measured field emission density. The electron emis-

sion turn-on field is defined as the electric field that generates a current den-

sity of 0.5 lA/cm2, where the emission area is 23.8 mm2. The nanoemitter

turn-on field is 7.2 V/lm for silicon and 5.75 V/lm for platinum. The nanoe-

mitter turn-on field is 3.9 V/lm for PZT (20:80), 6.8 V/lm for PZT (52:48),

and 10.75 V/lm for PZT (80:20). The turn-on field decreases with increas-

ing titanium content in the ferroelectric films.
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by AM. The electron emission turn-on field, EON, is listed for

each tip material in Table I. The lowest EON is 3.9 V/lm for

PZT (20:80). For comparison, batch fabricated silicon nano-

emitters with similar microscopic morphology have turn-on

fields of 13.3–70 V/lm.26–28 Other researchers investigating

field emission from dielectric- and ferroelectric-coated

silicon tips report turn-on fields of 17 V/lm for SrTiO3

(Ref. 27) and 19 V/lm for BaxSr1�xTiO3.29 EON decreases

with increasing Ti content in the PZT films, again suggesting

that PZT stoichiometries with more Ti content are better field

electron emitters. This observation is somewhat unexpected

as the work function of PZT does not change considerably

across the range of tested compositions. Rather, the large

differences in EON likely arise from a different mechanism.

Figure 5 shows F-N type plots of the measured field emis-

sion data from Figs. 3 and 4. The technically complete F-N

equation for large-area field emitters (LAFEs) is

IM ¼ aMkCaAM/�1cC
2VM

2dM
�2exp½�vFb/3=2dM=cCVM�;

(1)

where aM is the area efficiency of emission, kC and vF

are correction factors, a¼ 1.541434� 10�6 A eV V�2

and b¼ 6.830890� 109 eV�3/2 V m�1 are universal F-N

constants, / is the emitter work function, and cC is the mac-

roscopic field enhancement factor.18,19,37 Assuming that kC

and vF are equal to unity, Eq. (1) reduces to an elementary

F-N equation

IM ¼ aMaAM/�1cC
2VM

2dM
�2exp½�b/3=2dM=cCVM�: (2)

We acknowledge that this F-N equation is simplified and

does not rigorously account for kC and vF. This approach,

however, is widely used and allows us to make comparisons

with literature values.38 In Fig. 5, there is a linear relation-

ship between ln(IM/VM
2) and 1000/VM for data above the

turn-on electric field, which confirms field emission by elec-

tron tunneling into vacuum. At relatively high electric fields,

the F-N curves deviate to a secondary linear regime. The lit-

erature suggests that this deviation in LAFE F-N curve

behavior is caused by secondary emission from alternative

emission sites,15,17,39 defects in the emitting film,39 localized

electronic states,12 or interactions between emission sites in

emitter arrays.12

The linear fit F-N slopes (FNSL) and intercepts (FNINT)

are given in Table II and are used to calculate field emission

metrics. Using Eq. (2), the effective work function of a nano-

emitter is

/Eff ¼ /SiðFNSLfilm=FNSLSiÞ2=3; (3)

where /Si is the Si nanotip work function, FNSLfilm is the

linear fit F-N slope of the material of interest, and FNSLSi is

the F-N slope of the Si nanoemitters. This equation is valid

with the assumptions that the Si nanoemitter work function

is 4.33 eV and that all the nanoemitters have identical field

enhancement factors. Again using Eq. (2), the geometric

field enhancement factor for all the nanoemitters is

cC ¼ ð�b/3=2dMÞ=ðFNSL� 103Þ; (4)

where the FNSL is in units reported by Table II. From Eq.

(2), the area efficiency of emission is

aM ¼ a�1cC
�2AM

�1/dM
2 expðFNINTÞ: (5)

The calculated effective work functions, field enhancement

factors, and area efficiencies of emission are listed in Table II.

FIG. 5. (Color online) F-N type plots of measured emission data using the

elementary F-N equation, IM¼ aM a AM /�1 cC
2 VM

2 dM
�2 exp[�b /3/2

dM/-cC VM]. The F-N linear behavior after emission turn-on confirms field

emission by electron tunneling into vacuum. Slopes of the linear fits are

given in Table II and are used to calculate the effective work function, /Eff,

the field enhancement factor, cC, and the area efficiency of emission, aM.

TABLE II. Emitter characteristics from Fowler-Nordheim analysis.

Tip

material

FNSL

(ln(A/V2)�V/1000)

FNINT

(ln(A/V2))

Effective work

functiona /Eff (eV)

Field enhancement

factorb cC

Area efficiency of

emissionc aM

Si �6.05 �24.15 4.33d 1526.0 3.712� 10�14

Pt �7.29 �25.08 4.90 1526.0 1.658� 10�14

PZT (20:80) �0.67 �27.72 1.00 1526.0 2.410� 10�16

PZT (52:48) �7.14 �22.49 4.84 1526.0 2.180� 10�13

PZT (80:20) �9.5 �25.02 5.85 1526.0 2.101� 10�14

a/Eff¼/Si� (FNSLfilm/FNSLSi)
2/3, /Si¼ 4.33 eV.

bcC¼ (�6.83089� 109 V eV�3/2 m�1�/3/2� dM)/(FNSL� 103).
caM¼ (1.541434� 10�6 A eV V�2)�1 cC

�2 AM
�1 / exp(FNINT) dM

2.
dReference 35.
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The effective work function calculated from field emis-

sion F-N plots is a relative metric typically used to compare

the performance of field emitters. A lower effective work

function implies that there is a lower energy barrier prevent-

ing electrons from tunneling into vacuum, and these materi-

als have lower electron emission turn-on fields. The

calculated effective work functions, besides the Si value

from the literature, do not agree with traditionally measured

electron work function values from a source such as the

Handbook of Chemistry and Physics.36 The PZT (20:80)

nanoemitters demonstrate the lowest effective work function

for ferroelectric-coated Si reported to date. The PZT (20:80)

tips have a mean effective work function of 1.00 eV, which

is more than four times lower than the work function of the

bare silicon tips. Low threshold electron emission correlates

with well-developed perovskite grains.29,40 PFM analysis

and XRD rocking curves confirm that the PZT film is of

high-quality despite growth directly on single-crystal Si with

no buffer layer.

Because all the nanoemitters have about the same height

and tip sharpness, cC is calculated to be about 1526, a large

improvement over a planar surface of the same material

without nanoemitters. This value compares favorably with

cC of 300–1900 reported in the literature for carbon nanotube

(CNT) field emitters,9,11,39 which are considered superior

field emitters. We attribute this large cC to the uniform tip

morphology, uniform emitter spacing, and 10–30 nm radius

of the nanometer-sharp tips. Importantly, the PZT nanoemit-

ter spatial distribution, tip height, and tip radius are con-

trolled during microfabrication. This is in contrast to CNTs,

nanowires, and nanoparticles, which usually have a random

distribution on a substrate with poorly controlled tip radii

and emitter heights.

While the mechanism enhancing field emission from fer-

roelectric nanotips is not clear, we can identify some aspects

of the underlying physics based on current and previous

work. It is likely that there are many variables impacting

electron ejection from these complex materials into vacuum.

Indeed, published articles have suggested that field emission

can be affected by electron affinity,13 stoichiometric compo-

sition,29 internal polarization strength,30 interface struc-

ture,31 and ferroelectric grain structure.40 Emitters in the

present work are unique because the ferroelectric films have

nanometer-scale roughness and varying ratios of Zr to Ti

atoms. From our experimental results of enhanced emission

from these films, we hypothesize that the surface grain struc-

ture and/or the magnitude of the spontaneous polarization

strength could be responsible for the observed variations in

field emission. Nanometer-scale asperities determined by the

average crystallite size and the average surface roughness

may act as local emission sites, further concentrating the

electric field and increasing global emission. Alternatively,

the inherent electronic structure of ferroelectrics may result

in an electronic field enhancement factor that does not occur

for nonpolarized materials. The remnant polarization of PZT

decreases with increasing Zr content,41,42 and our observed

trend for field emission has a direct correlation to Zr content.

It is clear that future work should endeavor to isolate the

critical factors affecting ferroelectric emission so that these

films can be further optimized for electron beam generation.

V. CONCLUSIONS

In conclusion, we have measured field emission from sili-

con nanoemitters coated with three stoichiometric variations

of ferroelectric PbZrxTi1�xO3. These nanoemitters are fabri-

cated using batch microfabrication processes for precise con-

trol over tip location and morphology. The crystalline PZT

films are epitaxially grown directly on silicon, with no buffer

layer, and demonstrate good perovskite crystallinity and

polarization. The PZT (20:80) nanoemitter turn-on electric

field of 3.9 V/lm and effective work function of 1.00 eV are

lower than values previously reported for ferroelectric nano-

emitters. From Fowler-Nordheim analysis, the nanoemitter

field enhancement factor of �1526 is large even compared

to carbon nanotube emitters. These nanometer-scale electron

sources could be used in miniature x-ray sources or low-cost

field emission displays.
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