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We report on electron emission from cesiated GaNn–p junctions in forward bias. Surface electric
fields;3 V/mm caused a fivefold increase in emission current. Initial maximum currents in excess
of 200 nA degrade to 50 nA due to charge trapping but are quickly recovered at zero bias. Energy
spectra confirm negative electron affinity 80 h after cesiation, indicate resistive losses limit the
emission current, and reveal significant emission at energies above the Fermi level of the injecting
contact. © 2002 American Institute of Physics.@DOI: 10.1063/1.1514824#
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The electric potential sustained by a biased junction
be used as a means of raising electrons’ energy relative to
vacuum level, causing emission.1 Cesiated Si2 and clean SiC3

junctions emit electrons when reverse biased into avalan
breakdown. Forward biased structures having low or ne
tive electron affinity can emit at lower junction voltages, b
so far have not produced significant emission.4,5 Improved
forward biased structures may be possible using GaN, wh
achieves effective negative electron affinity~NEA! when
provided with a surface dipole such as Cs.6,7 @Effective NEA
means the bands are bent down near the surface, such
the vacuum level is below the conduction band minimu
~CBM! in the neutral bulk. True NEA requires no band ben
ing.# In addition, the GaN:Cs bond is reported stable
700 °C.8 Here we report on the emission properties of fo
ward biased GaNn–p junctions.

The GaN layers used in this study were grown by m
lecular beam epitaxy on C-plane~0001! sapphire substrates9

The layers~not optimized for use as an electron emitte!
were: ~1! a low temperature AlN buffer,~2! a 2-mm-thick
Si-dopedn1 contact (531018 cm23), ~3! a 0.5-mm-thick
nominally undoped layer, and~4! 0.1-mm-thick Mg-doped
p1 contact (1018 cm23). Mesa structures were defined b
dry etching, and metal contacts were then applied to the
posedn-type layer. The metal contact to thep-type layer was
patterned as a strip encircling the periphery of the me
producing diodes with;0.1 mm2 exposed area.

A chip containing several finished diodes was load
into an ultrahigh vacuum chamber~base pressure 5
310211 Torr) via load lock and baked at 200 °C~to avoid
damage to the metal contacts!. Cesium was applied by pass
ing 5.0 A through a 12 mm SAES Cs source held 2 in. ab
the surface for 15 min; during that time the pressure ros
1.1310210 Torr.

Emission measurements were accomplished as desc

a!Electronic mail: jon.shaw@nrl.navy.mil
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previously,10 using a hemispherical analyzer with an ener
resolution of 0.1 eV. The diode pads were contacted w
wire probes. A third wire served as an anode. The anode
was normally positioned;0.5 mm from the diode and bi
ased 200 V positive with respect to then-type contact.

A schematic band diagram of the device is shown in F
1. The top diagram shows the diode without applied bias,
the lower diagram shows the band bending expected wh
diode voltageVd and an anode voltageVa are applied, cre-
ating diode currentI d and anode currentI a . As shown in the
diagram, we expect that some band bending will occur at
metal contacts, and that the contact band bending will
crease when injecting large currents. Electrons from
n-type layer are injected into the conduction band of t

FIG. 1. Energy band diagram of ap–n junction emitter without applied
voltage~top! and with positive diode voltage applied~bottom!. Indicated are
the built-in diode voltageVbi , the cathode currentI c , the diode voltageVd

and currentI d , and the anode voltageVa and currentI a.
6 © 2002 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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p-type layer when the diode voltage equals the built-in dio
potential~slightly less than the band gap!. If the surface has
zero or negative effective electron affinity, those electro
can be emitted to vacuum, provided they lose no energ
they pass through the surface depletion layer. To the ex
that the diode voltage~less the potentials at the contacts a
in the p-type layer! exceeds the built-in potential, some
the electrons may arrive at the surface depletion layer w
energies above the conduction band minimum. In this c
emission can occur with positive effective electron affinitie
However, scattering is likely to occur as the charge pas
through the diode, reducing the emission efficiencyh.
Charge trapped in midgap states can alter the band ben
and so change the distance the hot electrons must travel
thus the diode and emission currents.

Before cesiation, diode voltages above 5.0 V produ
small but measurable emission currents. AtVd55.5 V, I a

was typically;1 pA, whereasI d was ;5 mA, making the
emission efficiencyh ;2310210. The emission showed
considerable difference in the increasing vs. decreasing d
voltage sweeps, probably because of charge trapping.

The emission currents measured after cesiation are p
ted in Fig. 2. Diode voltages above 3.5 V were sufficient
produce emission. The emission current was very stron
influenced by the electric field created by the anode. Plot
the log of the anode current vs. the square root of the an
voltage~at constant diode voltage! produces a straight line
This suggests that the barrier heightV is reduced by the
applied field, sinceDV53.8F1/2, whereV is in volts andF
is in V/Å.11 In this case the pointed anode probe wire w
held approximately 0.1 mm above the diode surface. An
ode potential of 800 V produces a field at the emitter surf
near 104 V/cm, which would reduce the vacuum barrier b
;0.05 V. This modest change resulted in a factor of 5
crease in emission current for each forward diode voltag

Energy distributions obtained from a cesiated diode

FIG. 2. Current emitted from a cesiated diode, plotted vs diode voltage
several anode potentials and vs anode potential for several diode vol
~measured from the same diode at different times!. The dashed line is the
diode current31026.
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bias voltages ranging from 4.2 to 5.2 V are shown in Fig.
Based on the energy diagram of Fig. 1 and assuming
built-in diode voltage is 3.2 eV, applying 4.2 V across t
diode should put the conduction band minimum of the n
tral p-type layer 1 eV belowEF . Assuming classical emis
sion ~no tunneling!, the minimum emission energy shou
occur at the vacuum level. The 4.2 V spectrum shows a
energy threshold~marked in the figure! at least 1.3 eV below
EF ~marked with an arrow in the figure!, ;0.3 eV below the
calculatedp-type layer CBM and consistent with effectiv
NEA. This low energy threshold moves exactly 1 eV to mo
negative values in the other spectra as the bias voltage
plied to the diode contacts is increased by 1 V.

Although the low energy thresholds of the emissi
spectra are consistent with emission from the CBM of
p-type layer, most of the emission occurred at much hig
energies. The maximum emission occurred at20.1 eV in the
4.2 V spectrum, and shifted to20.6 eV in the 5.2 V spec-
trum. A more intense low-energy threshold occurred n
20.6 eV in the 4.2 V spectrum and shifted to21.4 eV in the
5.2 V spectrum. This behavior is somewhat inconsistent w
Fig. 1, since one might assume that the electron energy
tribution impacting the surface would have peaked close
the p-type CBM. One likely cause is the quality of th
p-type contact and the potential created by the diode cur
moving laterally through the thinp-type layer from the cen-
ter portion of the diode to the contact strip at the edge. T
potential created by the diode current will be greatest in
center of the diode and much less near the contact. A b
resistivity on the order of 0.01 ohm cm is sufficient to cau
a shift of ;1 eV over the surface of the diode; a conta
resistance will cause some of the applied diode voltage to
dissipated near thep-type contact. Thus it seems likely tha
the energy difference between the lowest threshold and
more intense threshold is caused by the potential at
p-type contact. The energy difference between the high
intensity threshold and the peak is due to the potential
tributed across the surface of the diode~caused by resistive
loss in thep-type layer!. Note that the contact potential ap
pears to be similar in each spectrum whereas the resis
potential increases.

The current passing through then-type layer is likely to
cause a much smaller resistive drop since it is thicker

r
es

FIG. 3. Emission spectra measured at the forward voltages indicate
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



en
e
n

en
e
ib
ot
i

th
ta

h
th

rin
rg

ho
os
e
cc
e
d

y
i
e
lu

ho
r
o

s a
ed
0
r 50
n a

de
that
ates
e

ated,
olt-

fter
than

ion
nge
the
EA
cur-

age
the
ced
to

g
sity

o.

ng,

n,
29

se,

ak,

,

si

3078 Appl. Phys. Lett., Vol. 81, No. 16, 14 October 2002 Shaw et al.
more heavily doped. However, the emission intensity at
ergies above the peak~near zero! appears to saturate in th
spectra measured at 4.6–5.2 V. The apparent saturatio
probably caused by resistive losses in then-type layer, mov-
ing the entire spectra to slightly lower energies.

Significant emission also occurs well above zero pot
tial. Each of the spectra extends to at least 1.3 eV. Th
electrons do not appear to reflect a thermal energy distr
tion, either in the shape or the range of energies. The ‘‘h
electron emission appears similar to the high-energy em
sion that occurs in field emission. During field emission,
hot electrons are thought to gain energy released when s
well belowEF , emptied by field emission, are refilled~simi-
lar to an Auger process!. A similar excitation process would
explain the high-energy portions of the spectra in Fig. 3. T
energy might be released when electrons injected into
p-type layer release large energies in a single scatte
event. In the case of field emission from a metal, the ene
release must occur within a few nm of the surface if the
electrons are to escape without suffering an energy l
Since the emission in this case occurs from GaN, the m
free path is much longer, so the scattering events may o
within thep-type or intrinsic layers. In addition, much of th
hot electron generation probably occurs near the surface
to recombination there, releasing energy to a high densit
electrons still in the conduction band. The recombination
likely to proceed via surface states, releasing much less
ergy than the bulk band gap. We also visually observed
minescence from some of the diodes due to electron–
pair recombination. This light caused photoemission nea
eV, originating at parts of thep-type surface not connected t
the diode.

FIG. 4. Emission current and emission efficiency vs time, 80 h after ce
tion.
Downloaded 15 Dec 2004 to 128.138.85.189. Redistribution subject to AI
-

is

-
se
u-
’’
s-
e
tes

e
e
g
y
t
s.

an
ur

ue
of
s
n-
-
le
2

Figure 4 shows the emission current and efficiency a
function of time just after the diode voltage was increas
from 0 to 5.0 V. The emission current was initially over 20
nA but decayed exponentially to a steady state value nea
nA. The emission efficiency also decayed, but by less tha
factor of two ~the diode current also decayed!. The initial
emission current could be recovered by turning off the dio
voltage for several minutes. This behavior suggests
charge is being trapped and released from midgap st
within the diode, probably within the intrinsic layer. Thes
measurements were made 80 h after the diode was cesi
demonstrating the robustness of the surface. The diode v
age was zero during most of that time. Additional tests a
432 h showed the emission current had decayed to less
5 nA.

In conclusion, we have observed significant emiss
currents from cesiated GaN diodes in forward bias. A cha
of 0.6 V in the diode voltage caused a tenfold change in
emission current. The emission spectra show effective N
was achieved and maintained for several days. Diode
rents flowing laterally across the thinp-type surface layer as
well as contact potentials reduced the actual diode volt
applied to most of the diode surface. The time decay of
emission indicates that deep traps in the GaN also redu
the emission current. The emission current is thus likely
be increased by improving thep-type contacts and reducin
the lateral distance to the contacts, and reducing the den
of trap states.

This work was sponsored by DARPA Contract N
DAAH01-H01-C-R034 and ONR through NRL.
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