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Abstract 
Evolution of quantum efficiency (QE) is discussed in 

detail in relation to the history of conditions of negative 
electron affinity (NEA) activation and thermal 
pretreatment. An average QE of 0.10 was observed after 
multiple NEA activation with thermal pretreatment at 550 
°C, and a high QE of over 0.13 was observed with lower 
temperature activation (450 °C). Our findings 
indicated that the increase in QE is caused by the number 
of electron emission sites due to the difference in the 
formation and desorption rates of Cs–Ga bonds. 

INTRODUCTION 
It is well known that vacuum-level lowering occurs at 

negative electron affinity (NEA) surfaces, which are 
formed by depositing alkali metal atoms on 
semiconductor or metal surfaces [1,2]. A GaAs surface 
covered by Cs is one of the basic structures of the NEA 
surface [3], and there have been similar reports for GaN 
and InGaAs [4,5]. NEA surfaces are expected to serve as 
novel nanoscale electron sources. The NEA photocathode 
has numerous advantages in electron sources with low 
emittance, high spin polarization, and high repetition rate 
[6,7]. Functional electron sources with high spin 
polarization, high repetition rate, or other unique features 
are attractive candidates for next generation electron 
microscopy. For future accelerator projects, e.g., ILC and 
ERL, the electron source is one of the most important 
components that determine the total performance of the 
accelerator.  

NEA activation has to be carried out under ultra-high 
vacuum conditions because the NEA surface is seriously 
affected by the oxygen and CO2 of residual gases [8], and 
the surface of NEA-GaAs photocathodes is damaged by 
back bombardment of ionized residual gas by 
photoelectrons [9]. We have observed in situ the NEA 
activation process by the surface photo-absorption 
method and have concluded that the two-step Cs 
adsorption process occurs on GaAs surfaces during NEA 
activation [10]. Various models of the NEA surface on 
semiconductors have been proposed for the NEA surface 
on semiconductors. Su et al. suggested the Cs+-O-2-Cs+ 
sandwich layer produces the NEA nature on the (110) 
GaAs surface [11], while Kim et al. reported that the Cs-
adsorbed (100) GaAs surface is amorphous [12]; and, 
oxygen adsorption on the Cs-covered GaAs surface is 

reportedly a dissociative process [13]. An NEA surface 
with a high quantum efficiency (QE) has been obtained 
by using the Yo-Yo method [14,15] upon an atomically 
clean surface after thermal treatment; however, the 
detailed structure of the NEA surface remains unknown.   

In this study, we discuss the detailed relationship 
between the QE of NEA activation and the number and 
temperature of thermal treatments. We found that a lower 
temperature treatment provides higher QE under certain 
conditions.  

EXPERIMENTAL PROCEDURE 
The experimental setup used in this study has been 

reported previously [10] and is reviewed briefly here. A 
heater in a sample holder was used for elevating substrate 
temperature, and the temperature was measured by a 
thermocouple in contact with the backside of the holder. 
A vacuum chamber was evacuated to less than 3×10–8 Pa 
prior to the experiment by using an ion pump and Ti 
sublimation pump. Zn-doped p-type (100) GaAs 
substrates were used as samples. 

Sample surfaces were thermally cleaned at 500 °C 
for 1 h. Cs and O2 were supplied alternately to the GaAs 
surface. Cs atoms were supplied by the sublimation of a 
Cs alloy, and O2 pressure was controlled with a variable 
leak valve. A bias voltage of –40 V was applied to the 
sample for measuring the photoelectron emission induced 
by irradiation at 650 nm with a laser diode. 

In the present experiment, the NEA activation 
procedures were repeated on the same GaAs specimen. 
The sample surface was thermally pretreated at 550 °C or 
450 °C for 1 h. The sub-rate temperature was then 
gradually decreased to room temperature to lower the 
background pressure prior to the nest NEA activation 
process. NEA activation was carried out at the same 
pretreatment temperature, and various NEA activation 
processes were performed as follows: First, NEA 
activation at 550 °C was repeated multiple times (region 
[i] in Fig. 1); then the temperature was reduced to 450 °C, 
and NEA activation was carried out three times (region 
[ii]). NEA activation at 450 °C was again carried out after 
activation three times at 550 °C (region [iii-a] and [iii-b]), 
and an additional two thermal pretreatments were done at 
450 °C under the conditions of regions (iii-a) and (iii-b) 
(region [iv]). 

 

5th International Particle Accelerator Conference IPAC2014, Dresden, Germany JACoW Publishing
ISBN: 978-3-95450-132-8 doi:10.18429/JACoW-IPAC2014-MOPRI038

MOPRI038
682

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

14
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

03 Particle Sources and Alternative Acceleration Techniques
T02 Electron Sources



R
Figure 1 

activation pr
(i), the QE w
activated at 5
the second N
repetitions o
experiments 
than that obs
process at 45
0.03. In reg
observed in 
activation w
recovered to 
°C two mor
obtained by 
region [ii]). 
were the sam
same tenden
immediately 
QE was abou
after success
additional th
QE obtained
after 550 °C 

Figure 2 s
activation. T
°C and 550 
min, respect
depended on

 
Figure 1: QE
thermal pretr
NEA activati
°C. (iv) NEA
indicates QE
 

RESULTS A
shows QE 

rocesses unde
was 0.002 wh
550 °C. The Q

NEA activation
of NEA act
in region (i), 

served in regi
50 °C, the QE
ion (iii-a), w

regions (i) 
was again car

0.10. After r
re times, a h
NEA activat
In region (

me as in region
ncy with a h

after 550 °C
ut 0.10 by NE
sive 450 °C N
hermal pretrea
d after 450 °C
activation mo
shows the tim

The first QE p
°C was 0.003
ively. After t
n the amou

E evolution a
reatment at 55
ion with therm

A activation w
E with activatio

AND DISC
evolution aft

er various con
hen the NEA

QE increased 
n and reached
tivation. In 
we observed 
on (i). After r

E notably dec
we confirmed 

and (ii). Wh
rried out at 

repeating NEA
higher QE o
tion at 450 °
(iii-b), experi
n (iii-a), and t
high QE obt

C NEA activat
EA activation 
NEA activatio
atment was p
C NEA activ
ost the same in
me course of
eak with NEA

3 at 10.1 min 
the second Q

unt of Cs a

after multiple
50 °C. (ii) NE
mal pretreatm

with thermal p
on at 550 °C; 

CUSSION 
ter multiple 
nditions. In re

A surface was
to 0.085 follo
d about 0.095

region (ii) 
a higher QE (
repeating the 
reased to 0.06
the QE evol

hen NEA su
550 °C, the

A activation a
f 0.14 was 
°C (as well 
imental condi
the QE showe
tained at 450
tion. The obse
at 550 °C and
on. In region
performed, bu
vation immedi
n all region. 
f QE during 
A activation a

and 0.005 at
E peak, the p

and O2; how

e NEA activa
EA activation 

ment at 550 °C
retreatment th
the red line sh

NEA 
egion 
s first 
owing 
 after 
after 

(0.13) 
same 
6 and 
lution 
urface 
e QE 
at 550 
again 
as in 
itions 
ed the 
0 °C 
erved 

d 0.15 
n (iv), 
ut the 
iately 

NEA 
at 450 
t 10.9 
peaks 

wever, 

even
beyo

It 
activ
repet
decr
the l
NEA
addit
level
the N
550 

Th
450 
num
and 
and 
hand
°C a
pretr
clean
with

W
meas
As 
adso
conv
450–
be th
Ga b
the 
temp

ation processe
with thermal 

C three times a
hree times at 4
hows QE at 45

ntually QE a
ond that of 550
is interesting 

vation at a low
tition of NEA
eased with re
low QE incre

A activation. T
tional therma
l of QE. We 
NEA activatio
°C versus 450
he difference 
°C and 550 

mber of electro
desorption ra
therefore a co

d, desorption o
and so a high
reatment at 4
ning the surfa

h repetition of 
We confirmed

surements tha
atoms [16]. 

orption on 
version to a G
–470 °C [17].
he main electr
bonds is relate

Ga-terminate
perature cond

es with variou
pretreatment 

and NEA acti
450 °C after N
50 °C. These 

at 450 °C N
0 °C NEA act
that the highe

wer temperatur
A activation at
epeated activa
eased to its p
The results see
al pretreatmen
conclude that
on process wi
0 °C. 

in surfaces 
°C is consid
n emission sit

ates of the em
onstant QE w
of emission si

her QE was re
450 °C was in
face so that th
NEA activatio

d by scannin
at the Cs atom

It has also
the As-rich 
Ga-rich recon
 It is conside

ron emission s
ed to the QE. P
ed surface i
ditions, and 

us conditions
at 450 °C thr

ivation with th
NEA activatio
QE were mea

NEA activati
tivation. 
er QE was rea
re. QE was co
t 550 °C, and
ation at 450 
previous valu
en in region (
nt does not 
t the surface d
ith thermal pr

during NEA 
dered to be c
tes. In region 
mission sites 
was observed. 

ites was supp
realized. How
insufficient fo
he QE abrup
on. 
ng tunneling

ms do not bond
o been repor

GaAs surf
nstruction by 
ered that Cs-G
site, and the n
Present result
is obtained 

a lower te

s. (i) NEA ac
ree times. (iii
hermal pretrea
on at 550 °C. 
asured at point

ion increased

lized by NEA
onstant during
d QE abruptly
°C; however,

ue by 550 °C
(iv) show that
influence the
differs during
retreatment at

activation at
caused by the
(i), formation
are balanced,
On the other

pressed at 450
wever, thermal
or completely
ptly decreased

g microscopy
d with surface
rted that Cs
face induces

annealing at
Ga bonding to
number of Cs-
ts suggest that

after higher
mperature is

ctivation with
-a) and (iii-b)
atment at 450
The blue line

ts ① and ②.

d 

A 
g 
y 
, 

C 
t 
e 
g 
t 

t 
e 
n 
, 
r 
0 
l 
y 
d 

y 
e 
s 
s 
t 
o 
-
t 
r 
s 

h 
) 
0 
e 

5th International Particle Accelerator Conference IPAC2014, Dresden, Germany JACoW Publishing
ISBN: 978-3-95450-132-8 doi:10.18429/JACoW-IPAC2014-MOPRI038

03 Particle Sources and Alternative Acceleration Techniques
T02 Electron Sources

MOPRI038
683

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

14
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.



preferable fo
electron emis

We invest
surface by th
QE of 0.10 
observed in N
0.13 was ob
order to obta
place at a hig
activation at
repetition of 
degrade. We
from the nu
difference in
Ga bonds. 

 

Figure 2: Th
during NEA 
°C; the red 
thermal pretr
 

or the suppress
ssion site. 

SUM
tigated NEA 
hermal pretrea
on average (s
NEA activatio
bserved with 
ain a high QE
gher temperat
t a lower te

f NEA activati
e consider tha
umber of elec
n the formation

he blue line in
activation w
line shows th

reatment at 45

sion of desorp

MMARY 
activation o

atment at 550
standard devia
on at 550 °C. 
NEA activat
, NEA activat
ture (550 °C) 
emperature (4
ion at 450 °C
at the differen
ctron emission
n and desorpti

ndicates the t
ith thermal p
he QE in NE

50 °C.  

ption of the fo

of a p-type G
0 °C or 450 °
ation of 0.07)
A high QE of
ion at 450 °C
tion must first
followed by 

450 °C), and
C caused the Q
nce in QE de
n sites due to
ion rates of th

time course o
retreatment at

EA activation 

ormed 

GaAs 
°C. A 
) was 
f over 
C. In 
t take 
NEA 

d the 
QE to 
erives 
o the 

he Cs-

[1]

[2]

[3]
[4]

[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

of QE 
at 550 

with 

J. J. Scheer, a
(1965) 189. 
H. Sugiyama,
Kamada, T.
Takashima, A
Ser. 298 (201
B. Goldstein: 
K. Hayase, 
Gakkai Ronbu
Broun F. Will
T. Nishitani, 
Motoki, and T
06FF02. 
D. T. Pierce, 
A. Galejs, C.
Sci. Instrum. 
T. Wada, T. 
Hagino: Jpn. 
J. Grames, P
Clark, J. Han
K. Surles-L
Accelerator C
K. Hayase, 
Hasegawa, D
Phys. 52 (201
C. Y. Su, W. 
54 (1983) 141
J. Kim, M.C.
Sci. 67 (1993
M. Kamarato
N. Takahashi
and M. Kama
S.More, S. 
M.Kamada: S
J. Osako, T. Y
Spring Meetin
O. E. Tere
Zhuravlev, a
(2005) 15531

REFEREN
and J. Van La

, K. Ogawa, J.
Nishitani, M

A. Era, and Y
1) 012014. 
Surf. Sci. 47 
T. Nishitani,
unshi C 132 (2
liams: App. P
M. Tabuchi, 

T. Meguro: Jp

R. J. Celotta, 
 E. Kuyatt, a
51 (1980) 478
Nitta, T. Nom
J. Appl. Phys.

P. Adderley, 
sknechta, M. 
aw: Proceed

Conference (20
T. Nishitani,

D. Namba, and
13) 06GG05. 

E. Spicer, an
13. 

Gallagher, an
) 286. 
s: Appl. Surf. 
i, S. Tanaka, 
ada: J. Phys. S

Tanaka, S. 
Surf. Sci. 527 
Yazaki, and T
ng (2013) [i
eshchenko, V
and A. S. T
5. 

NCES 
aar: Solid Stat

. Azuma, K. T
M. Tabuchi, T
Y. Takeda: J. 

(1975) 143.  
, and T. Me
2012) 1261 [i

Phy. Let. 14 (1
Y. Takeda, Y

pn. J. Appl. Ph

G. C. Wang, 
and S. R. Mie
8. 
mura, M. Miy
. 29 (1990) 20
J. Brittian, D
Poelker, M. S

dings of 2
005) 2875.  
, K. Suzuki, 
d T. Meguro: 

nd I. Lindau: J

nd R.F. Willi

 Sci. 185 (200
M. Ichikawa

Soc. Jpn. 66 (1
Tanaka, Y

(2003) 41-50 
T. Meguro: Th
in Japanese]. 
V. L. Alper
Terekhov: Phy

e Commun. 3

Takahashi, M.
T. Motoki, K.

Phys.: Conf.

eguro: Denki
in Japanese].
969) 273. 

Y. Suzuki, K.
hys. 48 (2009)

W. N. Unertl,
elczarek: Rev.

yama, and M.
087. 
D. Charles, J.
Stutzman, and
005 Particle

H. Imai, J.
Jpn. J. Appl.

J. Appl. Phys.

s: Appl. Surf.

01) 66. 
a, Y. Q. Cai,
1997) 2798.  
. Fujii, and

he 60th JSAP

rovich, A.G.
y. Rev. B71

3 

. 

. 

. 

i 

. 
) 

, 
. 

. 

. 
d 
e 

. 

. 

. 

. 

, 

d 

P 

. 
 

5th International Particle Accelerator Conference IPAC2014, Dresden, Germany JACoW Publishing
ISBN: 978-3-95450-132-8 doi:10.18429/JACoW-IPAC2014-MOPRI038

MOPRI038
684

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

14
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

03 Particle Sources and Alternative Acceleration Techniques
T02 Electron Sources


