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Atomic hydrogen cleaning of InP  (100) for preparation
of a negative electron affinity photocathode

K. A. Elamrawi, M. A. Hafez, and H. E. Elsayed-Ali®
Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, Virginia 23529

(Received 25 June 1998; accepted for publication 20 July)1998

Atomic hydrogen cleaning is used to clean (bh®0) negative electron affinity photocathodes.
Reflection high-energy electron diffraction patterns of reconstructed, phosphorus-stabilized,
INP(100) surfaces are obtained after cleaning~a00 °C. These surfaces produce high quantum
efficiency photocathode$~8.5%), in response to 632.8 nm light. Without atomic hydrogen
cleaning, activation of InP to negative electron affinity requires heating380 °C. At this high
temperature, phosphorus evaporates preferentially and a rough surface is obtained. These surfaces
produce low quantum efficiency photocatho¢e®.1%). The use of reflection high-energy electron
diffraction to measure the thickness of the deposited cesium layer during activation by correlating
diffraction intensity with photoemission is demonstrated. 1@98 American Institute of Physics.
[S0021-897€08)08620-4

I. INTRODUCTION Heavily dopedp-type InP is used as a photocathode ma-
terial because its Fermi level is close to the valence band.

Indium phosphide has considerable applications in therhis reduces the electron emission by purely thermal excita-
manufacture of electronic and optoelectronic devices. It has fion. In positive electron affinity semiconductor surfaces, the
large thermal conductivity, and small electron diffusion thatyvacuum level lies above the bulk conduction band minimum,
makes it preferable for transferred electron devick® has  and electrons excited from the valence band to the conduc-
been explored as a solar cell material since its energy gap #on band minimum cannot escape from the crystal surface.
close to the optimum value for efficient conversion of solarin NEA semiconductor surfaces, the vacuum level is lowered
radiation into electrical power by means of single-junctionpelow the bulk conduction band minimum, and electrons ex-
photovoltaic cells. The energy band gap, lattice constant, cited to the conduction band minimum are emitted from the
and high optical absorption coefficient of InP make it a suit-surface. The escape depth in this case is not limited by the
able photocathode material and a lattice-matched substratgean-free path of the hot electrons, which is on the order of
for the growth of epitaxial layers of G, _,P/As;_/InP 10 nm, but by the diffusion length of the electrons thermal-
heterostructures that have direct band gaps. These hetefiged to the conduction band minimum, which is on the order
structures have been employed to extend the sensitivity aff severalum.!®> NEA photocathodes produce high quantum
photocathodes beyond the long wavelength limit of convenefficiency (QE), defined as the number of emitted electrons
tional devices, and are presently considered for use as lightper incident photon, because of the lower vacuum level and
sources and detectors for optical communication. the larger electron escape depth.

InP is used for negative electron affinityNEA) NEA surfaces are typically prepared by first cleaning the
photocathode$:® These photocathodes have greatly im-semiconductor surface chemically before loading it in ultra-
proved the performance of many conventional light-sensinghigh vacuum(UHV). Then the sample is heat cleaned in
devices. They are widely used in low-light-level detection,UHV to remove the surface contaminants. After the sample
such as scintillation counting, photomultipliers, and imagingis cooled down to room temperature, activation to NEA is
devices' NEA photocathodes were recently proposed fortypically performed by the coadsorption of cesium and oxy-
electron microscopy and high throughput electron-beam ligen(or NF;) on the sample surfadé.The photocathode life-
thography, where isolated multilayer structures are integrateime depends on the light intensity, photoemitted current,
on the photocathode, while protecting the emission areagccelerating voltage of the emitted electrons, and vacuum
throughout the fabrication proces$es?NEA photocathodes  conditions. Longer lifetime is obtained under low level con-
operate at room temperature, emit electrons with low energynuous cesiation®> The performance of the photocathode is
spread, small angular spread, and low dark currents. NEAignificantly affected by the pressure in the UHV chamber,
lI-V semiconductor photocathodes produce spin polarizeénd a base pressurel x 10~ ° Torr is required for long life-
electrons, used in atomic, surface, and high-energy physicsime operation. After the QE drops to low values, the surface
when optically pumped by circularly polarized light. can be revived by further cesium deposition or by heat clean-
Strained semiconductors can produce electron polarization agg and reactivating with cesium and oxygen.
high as 80%7 Preparation of a clean InP surface is of fundamental im-
portance for NEA device fabrication. It is assumed that the
“Author to whom correspondence should be addressed; electronic maiffféct of surface contamination is to form an interfacial po-
elsayed-ali@ece.odu.edu tential barrier that does not allow the low energy electrons to
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ikl ambient gas. For InP, atomic hydrogen cleaning can be ac-
Titanium sublimation  Thermocouple InP sample on 2 heating stage complished at a surface temperatur850—400 °C. In addi-
pum\ mdbisss Chectrically insulated from the tion to the cleaning effect, atomic hydrogen promotes a ho-
RHEED mogeneous oxide desorption resulting in a smooth
u “ Sjee" phosphorus stabilized surface. Auger analysis of InP surfaces
Blectron CCD camera shows complete removal of carbon and oxygen after hydro-
gun 2{22 1 ﬂ] gen cleaning.
We have previously used atomic hydrogen for preparing
GaAs photocathodeé$. We obtained QE 0f~12% in re-

sponse to 632.8 nm light. Here, we report on the use of
atomic hydrogen produced in a thermal cracking source for
cleaning InP NEA photocathodes. We study the effect of
Video monitor atomic hydrogen cleaning on the performance of InP NEA
FIG. 1. Ultrahigh vacuum chamber for photocathode preparation. The prophotocathodes and determine the optimum cleaning tempera-
cessing port includes a port for oxygen, atomic hydrogen source, cesiurture range. After atomic hydrogen cleaning, reflection high
evaporation, and a window for passing the laser to the sample. energy electron diffractiorQRHEED) studies show that the
INP(100 is a reconstructed, phosphorus stabilized surface,

escape into vacuum, thus increasing the surface trapping c@"d Produces a high QE 68.5% in response to 632.8 nm
efficient. This barrier decreases the photoemission sensitivit}ght: When heated to 530 °C, the RHEED patterns show an
and produces low QE photocathod@sThe main contami- atomically rough sur_face as a result of preferential d_esorptlon
nants observed on InP surfaces are carbon and oxyyen. ©f Phosphorus leading to very low QE, when activated to
tive oxides are desorbed by heating+600-530 °C, a tem- NEA.
perature much higher than InP congruent temperature
(~400 °0.1"*8 Moreover, it is difficult to completely re-
move carbon contaminants from the surface by thermal
cleaning. When the InP surface temperature is below thg, EXPERIMENT
congruent temperature, indium and phosphorus evaporate in
equal proportions and the InP surface is phosphorus stabi- The work is carried out in a stainless steel UHV chamber
lized. These surfaces when activated to NEA, produce higlishown in Fig. 1 which is pumped by a 22@/s ion pump,
QE photocathodes. If the InP surface is heated above thend a titanium sublimation pump to the mid 18 Torr
congruent temperature, phosphorus evaporates preferentiallgnge. The InP substrate is mounted on a molybdenum plate
leaving indium droplets on the surface. These surfaces prasn top of a resistive heater that can be heated up to 600 °C.
duce very low QE photocathodes. In addition, heat cleanindhe sample is fixed with two molybdenum clamps. A ther-
above the congruent temperature results in a rough surfaceocouple is attached to the sample holder close to the
which affects the collimation of the emitted beam by increasssample in order to measure its temperature. A wire is con-
ing the angular spread of the emitted electrons and thus limrected to the sample holder to allow applying a voltage bias
its the application of NEA photocathodes in electron-beanto the sample for photocurrent measurement. The sample
lithography and microelectronics applicatiorisStrained  holder is connected to xyz manipulator through a ceramic
semiconductors, used to obtain highly polarized photoelecrod that provides electrical insulation of the sample from the
trons, are affected by high temperature cleaning. Strain relieEhamber walls, used as the anode for the negatively biased
occurs due to the formation of dislocations and defects thatample. The manipulator also provides azimuthal rotation
lead to decreased value of electron polarizatibn. which is used to set the direction of the incident electron
Recently, atomic hydrogen irradiation has been studiedbeam when acquiring the RHEED patterns. The UHV cham-
as a surface cleaning methd.~2°In addition to removal of  ber is equipped with a RHEED gun and a phosphorus screen.
surface contaminants, exposure to atomic hydrogen leads the substrate faces a processing port which has a port to
the passivation of donors and acceptors in certain dopedeposit cesium during NEA activation, a leak valve for oxy-
semiconductoré! acts as a surfactant during epitaxial gen admission, a glass window to allow the laser light to
growth?? and reduces dislocation densities at heteroepitaxiahctivate the InP photocathode, and a port for the hydrogen
semiconductor surfacéd.Surface cleaning of Ill-V semi- cracking source. RHEED patterns are acquired by a charge
conductors has been previously reported using a variety afoupled devicd CCD) detector connected to a computer and
atomic hydrogen sources. These include rf disch&tgéec-  a video monitor. This image analysis system is similar to that
tron cyclotron resonance discharfeand a hydrogen ther- used in Ref. 27. The hydrogen cracking source consists of a
mal cracking sourc@.Hydrogen plasma has energetic ionstungsten filament inserted in a boron nitride tube. The mo-
(up to ~100 eV) which can cause physical and electroniclecular hydrogen is introduced through a leak valve and
damage to the surface extending several hundred A into theasses in the boron nitride tube where it becomes partially
bulk. Normal incidence irradiation using a hydrogen plasmadissociated and the atomic hydrogen is transported to the
source produced more surface damage than grazing inckample. The hydrogen pressure during the cleaning process
dence irradiatiod® In contrast, cracking sources produceis ~1x 1078 Torr. The dissociation efficiency is estimated
atomic hydrogen with kinetic energies thermalized with theto be ~3% based on the filament temperattfte.

Cesium 4 T T RHydrogen o ter
o)

Laser xygen

Processing port
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FIG. 2. Typical photoresponse of InP photocathode activated to negativ€lG. 3. The quantum efficiency of InP photocathode increases after atomic

electron affinity by the alternate deposition of cesium and oxygen. For éhydrogen cleaning. Samples kept-a880—400 °C during atomic hydrogen

current level of fewuA, the quantum efficiency drops t680% of its initial cleaning give the highest quantum efficiency. Reviving by hydrogen irradia-

value after~1000 min. tion produces photocathodes with higher quantum efficiency than those re-
vived by heating only.

lll. RESULTS AND DISCUSSION heating at 385 °C. A QE of 4%—4.8% was obtained. Results
A. Atomic hydrogen cleaning and photocathode show that hydrogen cleaning is effective in the initial clean-
performance ing of InP prior to activation to NEA. When the InP samples

. . are kept at 380—400 °C during hydrogen cleaning, we obtain

INP(100) samples, Zn doped to provide a carrier concen- h leani | : . :
. . A h | ff

tration of (2—3) 104 cmr3, were used. Heavilyp-doped the best cleaning results. Atomic hydrogen is also effective

in reviving the photocathode. The photocathode produces

InP samples were used since the Fermi level is close to thﬁ'gher QE when revived with heating and atomic hydrogen

valence band and hence, electron emission by purely thermﬁl’adiation than when revived with heating only
excitation is minimized. The INR00 was degreased in ac- '

etone and ethanol, with no chemical etching performed prio
to loading the sample in UHV. The chamber was then bake
for 48 h to achieve a pressure in the #® Torr range. The Next, we used RHEED to study the effect of heat and
sample was kept at 385 °C during the chamber bakeougtomic hydrogen cleaning on the surface structure. Figure
cooled down to room temperature, and then activated td(a) shows the RHEED pattern of IGB00) after heat clean-
NEA by the “yoyo” techniquel* Cesium was applied until ing at 385 °C. The electron energy was 8 kV, the angle of
maximum photocurrent response to 632.8 nm light was obincidence of the electron beam wasl.9°, and the electron
tained, then oxygen was admitted which caused the photdseam was incident along t{611) direction. In this case, no
current to drop. Cesium was then applied again until theRHEED pattern can be seen, only a halo. This indicates that
photocurrent was maximized. This sequence was repeatethe surface is covered with a thick layer of amorphous ox-
until there was no further improvement in the photocurrentides. Figure &) shows a RHEED pattern after partial atomic
Figure 2 shows a typical “yoyo” activation and QE, in re- hydrogen cleaning. Some features of the oxides can be seen,
sponse to 632.8 nm light for 1000 min. For a photocurrentut no clear InP structure can be determined. Figules 4
level of few uA, the QE drops to~80% of its initial value and 4d) show RHEED patterns after complete cleaning
after ~1000 min. After the first activation, a QE of0.7%  when the electron beam is along tf@1) and(011) direc-

was obtained for the freshly activated photocathode. Thertjons, respectively. Clear (24) reconstruction features can
we exposed the sample to atomic hydrogen Xoh cycles be observed indicating a phosphorus stabilized surface. The
while the sample was kept at 350—-370 °C. After each cleanpresence of well-defined diffraction spots falling on semi-
ing cycle, the sample was cooled down to room temperaturasircles indicates that the oxides on the surface are removed
activated again to NEA using the “yoyo” technique, and the with little damage. Secondary features in the form of Kiku-
QE was measured for several hours. The QE increased aftehi lines indicate the high quality of the bulk crystal. This
each cleaning cycle reaching a value-e4% after activation surface produced the highest quantum efficie(@%% in

8, as shown in Fig. 3. Then we continued with more hydro-response to 632.8 nm light, when activated to NEA. The
gen cleaning cycles, with the sample temperature raised tsample was then heated to the thermal cleaning temperature
380-400 °C. After activation 10, the QE reache®.7%. (~530°Q. This temperature is above the InP congruent
For other samples, we obtained a QE-e8.5% in response temperaturé~400 °C.2 Figures 4e) and 4f) show RHEED

to 632.8 nm light. When we continued with more cleaningpatterns after heating the sample at 530 °C for 30 min. The
cycles, the QE remained betweerb.8% and~6.7%. Be- electron beam was incident along %@41) and(011) direc-

fore activations 16 and 18, we did not perform any atomictions, respectively. The patterns show diffraction spots, not
hydrogen irradiation; we revived the photocathode only bystreaks, indicating transmission features observed from

. Reflection high-energy electron diffraction studies
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(b) (e)

(© ®

FIG. 4. Effect of hydrogen cleaning on RHEED patterns of(k@®). The electron beam is incident alof@l1) in (a), (b), (c), and(e), and along011) in
(d), and(f). (a) Before hydrogen cleaning, no clear pattern is observed, only a halo, indicating a thick amorphous layer oflxifes: partial atomic
hydrogen cleaning, some oxide features are observed but no InP structure iscge@h.After atomic hydrogen cleaning and heating-a400 °C. Clear
reconstruction features are seég), (f) After heating at 530 °C showing transmission features indicating a rough surface.

rough surfaces. Above the congruent temperature, InP de- We next show the use of RHEED to estimate the initial
composes rapidly and phosphorus desorbs preferentiallgesium layer thickness which maximizes the photocurrent
This surface produced very low quantum efficiefiey0.1%) before applying oxygen. The photocurrent was measured,
in response to 632.8 nm light, when activated to NEA. Theand RHEED patterns were acquired every 30 s during ce-
effect of atomic hydrogen on the InP surface was studiesgium deposition. The initial RHEED patterns were clear and
using Auger electron spectroscdpyand photoemission show a reconstructed surface. The angle of incidence of the
spectroscopy® In the first stage, atomic hydrogen reactselectron beam was-1.9°, and the calculated electron pen-
with carbon compounds and the less stable indium oxidetration depth is~0.6 monolayer. When the cesium starts to
(In,O3) and produces volatile compounds. Complete cleancover the surface, the photocurrent increases, and the
ing is limited by the removal of indium phosphéaia(P0;);] RHEED streaks start to disappear. As shown in Fig. 5, the
which requires long atomic hydrogen exposure. intensity of the(01) RHEED streak decreases with cesium
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3 3 with cesium deposition. This demonstrates that RHEED can
"~ Photocurrent be effectively used to measure the cesium layer thickness on
T RHEBED streak intensity the photocathode and thus provides an effective way to con-

T
N

trol the cesium deposition rate.

IV. CONCLUSIONS

In conclusion, we prepared InP photocathodes using
atomic hydrogen cleaning before activation to NEA. Atomic
hydrogen reduces the cleaning temperature to 380—400 °C.
This temperature is below the InP congruent temperature.
Hence, this method produces a phosphorus stabilized, recon-
structed surface. This surface, when activated to NEA, pro-
duced high QE photocathodés8.5%). When the surface is
heated to the cleaning temperatyre530 °Q, phosphorus
evaporates preferentially and the surface becomes rough as
FIG. 5. The intensity of thg01) RHEED streak of InPLOO) is used to  indicated by transmission RHEED patterns. This surface,

determine cesium surface coverage. The photocurrent increases with cesiyffhen activated to NEA, produced very low QE photocath-
deposition, while the intensity of the RHEED streak decreases. The photoc-)des(N0 199. Atomic hydrogen cleaning was also shown to
current reaches its maximum when the cesium coverag®i$ monolayer. : ) yarog 9

be effective in reviving the photocathode QE after its degra-
dation with activation time.
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