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Abgract : The efect of changing Be doping concentration in GaAs layer on the integrated photosensitivity for nega
tive-electron-affinity GaAs photocathodes is investigated. Two GaAs samples with the monolayer structure and the
multilayer structure are grown by molecular beam epitaxy. The former has a constant Be concentration of 1 x 10™
cm? \while the latter includes four layers with Be doping concentrations of 1 x 10" ,7 x 10" 4 x 10® ,and 1 x 10"
cm”® from the bottom to the surface. Negative-electron-affinity GaAs photocathodes are fabricated by exciting the
sample surfaces with alternating input of Csand O in the high vacuum system. The spectral response results meas
ured by the onrline spectral response measurement system show that the integrated photosensitivity of the photocath-
ode with the multilayer structure enhanced by at least 50 % as compared to that of the monolayer structure. This at-
tributes to the improvement in the crystal quality and the increase in the surface escape probability. Different stress
sStuations are observed on GaAs samples with monolayer structure and multilayer structure ,respectively.
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1 Introduction

Negative-electron-affinity (NEA) GaAs pho-
tocathode has been developed rapidly snceits dis
covery in 1960’ s due to its high quantum efficiency
and good long-wavelength response*?'. The NEA
surface refers to the condition that the vacuum lev-
el at the surface of a semiconductor lies below the
conduction band minimum in the bulk. Therefore,
the photoexcited electrons can diffuse to the nar-
row band-bending region of the activated surface,
and traverse or tunnel through the interfacial po-
tential spike with high probability. There have
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been several decades of experience with NEA pho-
tocathodes in night-vison applications®*. Re
cently ,Cs:O on (100) GaA's has become i mportant
as spin-polarized electron emitters’® .

To form an' effective NEA’ surface ,a narrow
band-bending region at the activated surfaceis re-
quired. Conventionally ,highly doping concentration
has been employed for GaAs photocath-
odes™ ** ®. However ,the corresponding decrease
in the electron diffuson length will result in the
deterioration of the spectral response.

To circumvent this problem ,we adopt the idea
of back surface field (BSF) structure’® usedin so-
lar cells. In the BSF structure,there are two re-
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gions with different concentrations. The potential
energy barrier at the interface of the two regions
tends to confine the minority carriers in the more
lightly doped region away from the more heavily
doped region. It is expected that the number of the
photoelectrons diff used to the NEA surface should
increase ,and thus better photosenstivity should be
obtained in NEA GaAs photocathode with such a
BSFlike structure.

In this paper ,we report on the fabrication of
high-integrated-photosenstivity NEA GaAsphoto-
cathode with a multilayer structure. The crystal
quality of the GaAslayer ischaracterized by photo-
luminescence (PL) and Raman spectroscopy. The
spectral response properties of the photocathodes
are determined usng the onrline spectral response
measurement system! ™. The results are conmr
pared with that of GaAs photocathode with a uni-
form structure.

2 Experiment

Two GaAs epitaxial samples on semi-insula
ting (SI) GaAs (100) substrates were grown by
molecular beam epitaxy (MBE) under the same
growth conditions. The temperature for the sub-
strate was fixed at 580 during growth. The Be
doping concentration is determined by the tempera-
ture of Be furnace. The former ,labeled as sample
A ,has a constant Be concentration of 9 8 x 10%
cm”? and a thickness of 1 m. The latter ,labeled as
sample B ,cons sts of four layers of Be-doped GaAs
with a thickness of 0. 2% m for each layer. The Be
concentrations,from the first layer to the fourth
layer ,are 1 x 10*° ,7 x 10* ,4 x 10*® ,and 1 x 10"
cm”® respectively. Each sample was divided into
small pieces in size of L 2cm x 1 2cm. The small
pieces were used for activation.

The small pieces had to be treated before they
were tranderred to the activation system. First
they were degreased by carbon tetrachloride, ace
tone, ethanol , and distilled water™ | and then
rinsedin1l 1 HF solution with the aim of remo-

ving surface oxide. Finally ,the pieces were flushed
using distilled water ,made dry and quickly loaded
into the vacuum system.

Figure 1 is the block diagram of our system.
The system consists of three parts,including the
surface analysi s,the activation ,and the eval uation.
The pieces werefirst transerred to the heat clean-
ing chamber. The base pressure was below 7. 5 x
10" ® Pa before each heat cleaning. To complete
cleaning ,we judged the surface cleanse degree by
X-ray photoelectron spectrometer (XPS). The XPS
spectra were measured in a Perkin-Elmer PHI ES
CA 5300 spectrometer with an Al KX X-ray beam.
No dgn of carbon was detected ,indicating that a
clean GaAs surface was obtained in the system.
Then the pieces were moved to the activation
chamber with a pressure below 1. 2 x 10"’ Pa. The
activation experiments for NEA photocathodes in
the reflection mode were carried out by twice enr
ploying the' Yo- Yo' technique®'*™* *I Cs and
O were aternatively injected on the clean GaAs
surface at room temperature during the* Yo- Yo’
activation ,and then the NEA surface was formed.
Thefirst® Yo Yo' activation was performed after
the high temperature cleaning at 600 for 1h,and
the second after the low temperature cleaning at
580 for 1h. A halogen tungsten filament lamp
with 12V/50W was used to irradiate the photo-
cathode surface throughout the whole activation
process. The photoemisson performance was eval-
uated by the orrline spectral regponse measurement
system!™® ®! when the activation process was fin-
i shed.

For the timeresolved PL ,the Ti: sapphire
mode-locked laser was used as an excitation light
source and the timeresolved PL  spectra were
measured using a streak camera (Hamamatsu Pho-
tonics C4334-02) with a 25cm polychromator
(Hamamatsu Photonics C5094) . The limit of the
instrumental response of the system isto an expo-
nential decay-time constant of approximately 15ps.

Raman scattering is a powerful tool to study
the structure, chemical compostion, orientation,
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and defects in semiconductor material s** . Probing
the lattice vibration modes by Raman spectroscopy
providesindght into the properties of GaA s epilay-
ers as the normal penetration depth of the Ar™ la
ser is approximately 100nm in crystalline GaAs*!.

Room temperature Raman scattering was
characterized in the backscattering configuration
with the 532nm line of an Ar" laser. The scattered
light has been analyzed by a spectrometer with
master 1800 grooves mm holographic gratings and
detected with a cooled CCD detector. The spot di-
ameter of the focused laser beam on the sample is
about M m. The resolution of the instrument is a
bout 1. 8cm™* ,and the unrepeatable error is within
+0 2cm™*.

3 Resultsand discussion

The PL decay curves at 10K for samples A
and B are shown in Fig. 2. The dot lines represent
the experimental data while the solid lines indicate
a sngle-exponential decay correspondent to the da
ta. The decay-time constants are 113ps and 147ps
for samples A and B ,respectively. Thereis an in-
crease of 30% in the minority carrier lifetime.
The longer PL lifetime indicates longer diffuson
length in sample B.

Figure 3 shows the Raman spectrafor samples
A and B after growth and after activation ,respec-

s Sample B(=147ps)
5
8
z
B
§ | .
B Sample A(7=113ps)
s
— 1 1
0 300 600 900
Decay time/ps
FHg.2 PL decay curves of the dominant emisson

peaksfor samples A andB at 10 K Dot lines represent
the experimental data while solid lines show the single
exponential fitting results.

tively ,together with that of SIFGaAs substrate.
The central frequency of the longitudinal optical (
LO) phonon line for GaAs substrate is at
293 Ocm * with a full width at haf maximum
(FWHM) of 5 1lcm '. The amost symmetric
shape of the LO line indicates that the SI-GaAs
substrate can be treated as a bulk GaAs without
much As precipitates®™ . The peak at 268 4cm '
corresponds to the transverse optical (TO) phonon
of GaAs.Asa result of the backscattering configu-
ration ,only the LO phonon is allowed and the TO
phononis forbidden for the (001) oriented GaAs
surface. Breaking of the selection rules® ! could
be due to structural disorder™ in the samples ,and
carbon contamination at the surfaces® .

L LO

SI GaAs substrate

ample B after activation|

Raman intensity/a.u.

Sample B after growth

i Sample’A after growil
220 240 260 280 300 320 340 360 380
Raman shift/cm™!

Fg.3 Room temperature Raman spectra for samples
A and B after growth and after activation ,accompanied
with that of SF GaAs substrate in the backscattering ge-
ometry
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For sample B ,thereis a very distinct L O peak
and a low intendsty TO peak. As a comparison,a
weak L O peak with a comparable intensty TO line
ispresent for sample A. Theintensties ratio of the
LO and TO phonons (lo/ Iv0) is 10 for sample
B, 1for sampleA ,and 30for the SI-GaAs sub-
strate ,respectively. This demonstrates that thereis
a greater improvement in crystal quality in the case
of sample B ,though the degree of lattice perfection
in each sample is inferior to that of the S GaAs
substrate because the radius of the Be atom is
smaller than that of the Ga atom.

Compared with the bulk GaAs,theL O phonon
of samples A and B shifted to 291 Ocm ' and
294 Ocm™ ' ,respectively ,while the TO phonon at
268 4cm ' was almost unchanged for each sample.
It can be deduced that there exists tensle stressin
sample A and compressive stressin sample B. The
difference in strain stuation for samples A and B
can be due to the effect of Be atom on the GaAs
lattice structure. The lattice constant of Be-doped
GaAsis smaller than that of the bulk GaAs be
cause the Be atom has a smaller radius than the Ga
atom. Therefore,tendle stress exists in Be-doped
GaAss epilayer grown on Sl GaAs substrate. Thisis
the case for sample A. In the case of sample B ,un-
derneath each layer was a heavily Be-doped GaAs
layer ,except for the Sl-GaAs substrate. The top
layer with Be concentration of 1 x 10 cm™® was
grown on a layer with Be concentration of 4 x 10
cm’®. The Raman result indicates strain informa
tion for the top layer because the thickness of the
top layer (0. 234 m) isthicker than the penetration
depth ( 100nm) of the Ar™ laser. Accordingly ,it
is understandable to observe an apparent compres
sve strain for sample B. Note that the TO line be-
comes asymmetry in samples A and B when com-
pared with that of the GaAs substrate. The asym-
metry demonstrates that Be atom contributes to the
lattice disorder of GaAsto alarge extent.

No obvious Raman shift and intensity change
can befoundfor each sample after growth and af ter
activation ,which can be explained by the experi-

mental process. The Cs:O activated surfaces would
disappear when the samples,after activation,were
moved out of the ultra high vacuum system because
Cs desorbed from the GaAs surface. The high
(low) temperature cleaning can be regarded as an
action of annealing. The GaAs epilayer was homo-
epitaxially grown on SI-GaAs substrate. Thermal
annealing has a small effect on the homoepitaxial
samples.

Two representative spectral response spectra
for samples A and B are shown in Figs. 4(a) and
(b) respectively. Note that no index definition has
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Fig.4 (a) Spectral response spectra measured for one
piece of sample A &ter the’ Yo Yo' activation The
averaged integrated photosenstivity is 103 A/Im; (b)
Soectral response spectra measured for one piece of
sample B &ter the' Yo Yo' activation The averaged
integrated photosengtivity is 176Q A/ Im.
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been put forward to evaluate the spectral response
property in the past literature, and the reported
sensitivity values were blow 100mA/ W™ 1 we
define 100mA/ W as the limit of high or low spec
tral response. A higher senstivity value within a
broad wavelength range is expected for photocath-
odes with alonger minority carrier diffuson length
and a greater emisson probability.

Figure 4(a) shows the spectral response spec-
trafor one piece of sample A after thé Yo Yo' ac
tivation. The integrated senstivity property was
measured three times and with an average val ue of
103 A/Im. The curves show a dightly linear de-
crease from 0. 5¢d m up to 0. 9 m and then a
dramatic reduction. Only when the wavelength is
less than 0. 721 m the spectral response is beyond
100mA/ W. Figure 4 (b) shows the online spectral
response gpectrafor one piece of sample B after the

Yo- Yo' activation. Five curves were collected to
give an averaged integrated senstivity value of
176Q A/ Im ,much higher than that for sample A.
The shape of Fig.4(b) is smilar to that of Fig.4
(a). However, the wavelength is extended to
0. 81 m before the senstivity value decreases be-
low 100mA/ W in Fig. 4(b) ,indicating a prominent
increase in infrared regponse.

Figure 5 shows the average integrated sens-
tivity resultsfor five small pieces of samples A and
B. The values range from 900 to 120Q A/Im for
sample A and from 1550 to 1780 A/Im for sample
B ,indicating an increase of at least 50 %. The a
mount of error caused by the drift of the activation
conditionsis within 10 % for sample A and 5 % for
sample B ,which is much less than the increase of at
least 50 % in the integrated senstivity. We attrib-
ute the lower non-repeatable error in the case of
sample B to the increase of theintegrated senstivi-
ty values.

The spectral response properties of NEA pho-
tocathodes are mainly affected by two main fac
tors,the minority carrier diffuson length and the
surface escape probability. Quantum efficiency is a
dopted to quantitatively evaluate the effect of the

1800

1600

1400

T

1200

800 n

Average integrated sensitivity/(A- Im™)

Samples

Fig.5 Average integrated senstivity results for five
small piecesof samples A and B

two factors on integrated sendtivity. From the
quantum efficiency equation in reflection mode™® |
guantum efficiency is postively proportional to the
minority carrier diffuson length and the surface es-
cape probability. The
ity carrier lifetime means a corresponding increase
of 14 %in the minority carrier diffuson length.
Therefore ,theincrease in the surface escape proba
bility is about 32 % as the integrated senstivity in-
creases by 50 %. Thisprompts usto deduce that ,

30 %increasein the minor-

the increased spectral response in sample B should
be due to the increase in the surface escape proba
bility to alarge degree and to theincreasein the li-
fetime to a small degree.

However , the above-mentioned deduction
seemingly contradicts with the view that the sur-
face escape probability decreases with decreasng
the acceptor concentration as a result of the broad-
ening of the band bending region. The contradiction
can be explained by considering the effect of the
BSFlike structure. The intringic electric field gen-
erated by the concentration gradient exerts a force
on photoelectrons,driving them to the surface. The
extra drift velocity supplies energy to electrons and
compensates the energy loss during the diffuson
process to a degree. Additionally , the lattice and
impurity scattering is weak in the multiplayer
structure ,as confirmed by the resultsof the PL de-
cay spectra. When these postive effects prevail o-
ver the negative effect resulting from the broade
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ning of the band-bending region ,the final effect is
that photoelectrons with higher average energy dif-
fuse to the surface and tunnel through the interfa
cial potential spike with higher probability.

In the analyss above, we assume that the
change in the distribution of the Be-doping concen-
tration has minor influence on the parameters,such
as front (back) interface recombination velocity,
surface reflectivity ,and thickness and composition
of the activated CsO layer. However ,the Raman
results indicate that compressive stress was ob-
served in sample B ,while tendle stress was ob-
served in sample A. Here we could not estimate the
relationship between the surface stress dtuation
and the surface escape probability. Further investi-
gation of this relationship will be conducted. Any-
way ,our work demonstrates that the BSF-like
structure is an effective method for fabricating
NEA GaAs photocathodes with higher integrated
sengtivity if the multiplayer structureisto be opti-
mized.

4 Conclusion

As a concluson ,we present investigations on
the effect of sample structure on the photoelectron-
ic performance of NEA GaAs photocathodes. It is
found that the integrated photosensitivity can in-
crease by at least 50 % by changing the Be concen-
tration of the GaAs layer. The cause is attributed
to the improvement in the crystal quality and the
increase of the surface escape probability ,especially
the latter. These results suggest that higher inte-
grated photosendtivity NEA GaAs photocathodes
can be obtained by optimizing the distribution of Be
concentrationsin the GaAs layer.
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