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Study of chemical reactions by surface second harmonic generation: !
p-Nitrophenol at the air-water interface , >

Kankan Bhattacharyya, E. V. Sitzmann, and K. B. Eisenthal
Department of Chemistry, Columbia University, New York, New York 10027

(Received 26 March 1987; accepted 13 May 1987)

In recent years, optical second harmonic generation
(SHG) has been shown to provide valuable new information
on a number of interfacial properties.' Since SHG is electric
dipole forbidden in the bulk, this technique can be used to
probe selectively the interfacial layer between two centro-

pendicular to the plane of incidence was measured by setting
the analyzer to collect only the s-polarized SH light. Such an
arrangement is selected because it contains the contribution
from the surface region alone and not the bulk region.*
The observed s-polarized SH field amplitude (£ ) asa

symmetric media. Thus a wide variety of surfaces have been function of bulk pH of the solution is shown in Fig. 1. We :
studied by this technique; a substantial amount of knowl- found in earlier work'? that up to a monolayer the nonlinear ;
edge has been gathered about concentration, orientation, susceptibility y!*' can be written as y
and spectroscopy of the species at the interfaces.”~'* In our T = N(E?) 2) '
earlier work, we focused our attention on the relative'? and oo ’ ) '
absolute'* orientation of molecules at the surface of liquid ~ Where ¥, is the number of molecules per unit area of the
solutions. We now address the question of how the asymme-  surfaccand &@'*’ the molecular polarizability. From this rela- 3
try in the forces experienced by the molecules in the interfa- tion it follows that the second harmenic field £ 2 is linear in !
cial region affects simple chemical equilibria. Specifically, -V, Asthe bulk pH is varied, the relative amount of HA and ")
using this technique we have investigated the acid-base equi- A ™. as given by the bulk equilibrium constant for reaction :
librium between p-nitrophenol (HA) and its anion (A ). (1) changes. This results in a change in N, as the latter de- :
pends on bulk concentrations. At low pH, the bulk concen-
OH ot-) tration of HA has its largest value and this leads to a high 4
surface coverage of neutral HA molecules. In accordance .
© + H,0 = © "+ Hy0W! (1) Withthisanintense signal (about 80 times that of water) was 0
Yo no observed. In extremely alkaline media (pH>10), the bulk :
2 2 HA molecules are almost totally converted into the anion
.As we will show, not only do the concentrations of the var- aqd we found that the SH signal decrcgseq to the vglue ob-
ious species in the interfacial region differ from their bulk tained from pure water. If there was a S}gnnﬁcan( anion con- 7
values, but also the relative concentrations do not corre- centr‘atlon at the surface we would rgadlly observe it since its :
spond to the bulk equilibrium constant. The “'equilibrium SH s-lg.n.al should bc more than ].O times that of water. The j
constant” in the surface region is vastly different from that in possnbll‘xty ,Of unfi issociated sqdlum phenolate formed b.y -
the bulk. The key factor is most likely the reduced polarity at neutralization with NaOH being present at the surface is :
the surface due to the low density of molecules on the vapor
side of the surface. The effect of this is to decrease the stabil- A
ity of charged species, e.g.. A 7, to such an extent that the 56
equilibrium in the interfacial region overwhelmingly favors 2 ' I ! T “
the neutral undissociated HA molecules. It is to be noted v 0 = N, g :'
that although the concentrations are dependent on their po- 48r 4 ’ K =
sition,-varying in a continuous, though very sharp way. from ) NG, NO, )
the bulk vapor to the bulk liquid, we can still defineanaver- 7 — 40— 4 - d
age concentration for each of the species in this inhomogen- € N
eous region. We then seek to compare the relative average g 2 32 L - "
concentrations of the species in the interfacial region, e.g., £ < X
A ~/HA, with the relative concentrations given by the bulk » 7 ‘ >
equilibnum constant. In order to treat the position-depen- § _ 2y E N
dent concentrations (activities ) in the interfacial region, we ‘: 3, ;
would use the chemical potential, since its value for a given 8 | <16+ 1 N
species is the same at al} positions in the system, i.e., bulk a : K
liquid, vapor, and the inhomogenous interfacial region. Dis- 8 h re Wat ’
cussions of this approach will be postponed to a later pubii- i _I_/___D'i _'_ _°_°_' ________________ K
cation. . . . B i ! .
The experimental setup consisting of a cavity-dumped, oo 2 4 6 8 10 12 14 .
synchronously pumped dye laser, and single photon count- pH : :
ing electronics 1s described elsewhere.'' The component of FIG 1 s-polanzed surface second harmonic field, £ [\ 7 (2w)] of an N
the surface second order nonlinear susceptibility y!*' per- aqueous solution of p-nitrophenol as a function of pH at 22 °C : ;
L9
1442 J Chem Phys 87 (2) 15 July 1987 0021-9606/87/141442-02802 10 ¢ 1987 Amenican Institute of Physics :'
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Letters to the Editor

also unlikely since its presence would have produced a sec-
ond harmonic signal much above that of water. We therefore
conclude that the anion once formed does not stay at the
surface and thus in alkaline media the interfacial region is
made up of water molecules alone. From our second har-
monic measurements we estimate that the ratio of A ~ to HA
is at least 50-100 times smaller in the interfacial region than
in the bulk solution. The equilibrium in the interfacial region
is thus clearly shifted towards the neutral molecules and
differs markedly from its bulk value.

Although Fig. 1 is similar to a neutralization curve the
PH(7.9 + 0.2) at which the SH signal amplitude reduces to
half its maximum value is different from the pH(7.15) at
which the concentration of undissociated HA in the bulk
decreases to half. This is not surprising since the bulk pH
controls the concentration of HA in the bulk, while the sur-
face concentration .V, is not a simple linear function of the
latter. This point will be pursued in our future work. It is
furthermore of interest to note the sensitivity of surface sec-
ond harmonic generation as demonstrated by these results.
Under the conditions described in this work, when the SH
signal changes by a factor of 80, we found that the surface
tension changed by less than 10%.

The generous support of the National Science Founda-
tion. the Air Force Office cf Scientific Research. and the

Joint Services Electronics Program 29-82-K-0080 is grate-
fully acknowledged.
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' IR diode laser study of vibrational energy distribution in CO, produced

i by UV excimer laser photofragmentation of pyruvic acid®

[

"N James A. O'Neill, Thomas G. Kreutz, and George W. Flynn
Department of Chemistry and “olumbia Radiation Laboratory, Columbia University, New York,

¢ New York 10027

>

" , (Received 24 April 1987; accepted 10 July 1987)

o:. Time domain absorption spectroscopy using a tunable, infrared diode laser has been used to

! \ \ monitor the vibrational excitation of CO, produced in the 193 nm excimer laser photolysis of
gas phase pyruvic acid (CH,COCOOH). Nascent vibrational populations were measured in

: the following ten vibrational states of CO,: 00°0, 01'0, 02°0, 03°0, 04*0, 00°1, 00°2, 00°3, O1'1,

o and 0221. Approximately 97% of the CO, photoproduct is observed to be directly formed in
’ the vibrational ground state. The remaining molecules are formed with a significant degree of

vibrational excitation, having mode temperatures 7(v,) = 1800 + 150 K, T(v,) = 3700

4598 J. Chem. Phys. 87 (8), 15 October 1987

0021-9606/87/204598-08%802 10

o + 1000 K, T(v, + v4) = 2000 + 400 K. The present experimental data suggest that the 193
X nm photolysis may proceed through more than a single dissociation channel and involve a
' number of different photofragments.
s'
" INTRODUCTION mercury, NO,, and azulene.*'* The high resolution
N In recent years, the photodissociation dynamics of small ~ (~0.0003 cm™ ") and the wide tunability of the diode laser
e molecules has become a subject of great interest.'* Measure- mak_c pqssxblc' vnbrat,onally and rotanonallx sta[e-spet:lﬁc
; ments of fragment energy distributions and angular orienta-  Studies in a wide variety of molecules. In this experiment.
tions have yielded a weaith of state-specific experimental in- Vlrtu.al]y. any rov'ﬂ?ratlonal state of CO, can be probed by
N formation about these dissociation processes. Such  Mmonitoring transitions of the type
; : information can provide insight into the geometry of the dis- CO.(mn'p, J) + hv(4.3 um) ~CO.(mnp + 1.7 + 1)
» sociating species and the nature of the potential energy sur- (1)
- faces involved.’* In addition, theoretical models involving .\ oo large absorption coefficient of the v, funda-
>, “half-collision” arguments and molecular dynamics on po- mental."* The letters m, n, p, and J are (respectiv:;ly) the
tential energy surfaces have become quite refined. The vast antu;n numbers f tl;es; mmetric stretchi (v}, bend-
ER majority of this experimental and theoretical work has ?u vs) a: d antis orm triZ stretchin (VC) \:liira‘t'lo‘ < d
:;: sought to provide a detailed interpretation of the dissocia- t;i rotzat'ional mo ti):: of? the mochule.g 3 1ons. an
-, tion dynamics of predominantly diaiomic and triatomic spe- In the present experiments. the UV photolvsis of pyru-
:..' cies. while the photolysis of most larger polyatomic mole- _ P! _Sxpe e P ¢ py
- cules is less well understood. vic acid was mv;st.lgated by monitoring the IR absprpqoq of
. Of particular importance in understanding the dynam- its CO, dlssosla}tlxon pmdu? - Previous photodissociation
ics of photofragmentation processes are experimental stud- stud:gs n %ot dt © gas :: : :;uxd ;;hasdes : ave :\hown ;ga[
Ko ies of vibrational energy disposal in the photoproducts. Such pyruvic acic undergoes both thermal and protochemucal de-
) . . . . . . composition to vield predominantly acetaldehyde and
. experiments yield information about mode-specific excita- CO.'s1.
- tion of photolysis products, which can in some cases be ex- : ,
" trapolated back to provide a better understanding of the dis-  CH;COCOOH + Av(193 nm) —~CH,CHO + CO.(mnp).
- sociation mechanism.”* A variety of techniques, including (2)
. infrared fluorescence, laser-induced fluorescence, and in- In one experiment which examined the vapor phase photoly- 3
’ frared laser absorption, have been employed to probe these sis of pyruvic acid at 366 nm, small amounts (19%-2%) of ::_
ﬁ product state gnergy distributions.' A new technique, which methane and carbon monoxide were measured among the ’.
2t is presently being developed in our laboratory to investigate  photolysis products.'® Several mechanisms for the dissocia- It
: i chemical dynamics and molecular energy transfer, utilizes a tion of this molecule have been proposed. One of these in- -
; tunable diode laser absorption probe.”"'! This technique has volves a four-center mechanism which leads to the direct )
A { been employed to monitor the time resolved IR absorption production of acetaldehyde and CO,. while another involves 1
o of CO, molecules undergoing collisions with fast hydrogen a five-center process which yields an hydroxycarbene inter- ::'
) and deuterium atoms as well as with electronically excited mediate species. A recent study which measured the 4.3 um >
L CO, IR fluorescence as a function of dissociation wave- e
;. *' Work performed at Columbia University and supported by the Depart- length supports the five-center mechanism involving the hy- :.
o ment of Energy under Contract DE-ACO02-78ER04940. Equipment sup- droxycarbenc |n(en'nedia[c,m In another experiment. mea-
o e e S Fandan s v A surements of th nfrared muluphoton decomposiion of
" Program (U.S. Army, U.S. Navy, and U.S. Air Force) under Contract pyruvic acid suggest that the dissociation process occurs by
o DAAG29-85-K-0049. unimolecular decomposition in high vibrational levels of the
53
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ground electronic state. The UV photolysis of pyruvic acid
is also thought to proceed through an internal conversion
step where highly vibrationally excited ground state mole-
cules decompose to form acetaldehyde and CO,.*°

In a previous study, we measured the rel::ive produc-
tion of CO, bending and antisymmetric stretching quanta
formed in the 193 nm photolysis of pyruvic acid by probing
the 01'0—01'1 and 00°1 —00°2 transitions in CO,.>' The
present experiments extend this work by measuring the com-
plete distribution of vibrational energy deposited in the CO,
bending, stretching, and combination state manifolds. We
have examined such overtone levels as 0220, 030, 040, 00°2,
00°3, 01'1, and 02’1, as well as the 00°0 ground state. In
addition, we present preliminary information concerning
the degree of rotational excitation in the CO, photofrag-
ment.

EXPERIMENTAL

The experimental apparatus employed in this study is
similar to that used in several previous IR diode-UV ex-
cimer laser double resonance experiments carried out in our
laboratery.*''* Most of the experimental details have been
discussed previously, and only new features will be described
here. The photolysis mixture, consisting of either neat pyru-
vic acid or a mixture of pyruvic acid and argon, flows
through a cylindrical gas sample cell 207 cm long (see Fig.
1}. The 4.3 um cw output of a tunable IR diode laser ( Laser
Analytics) and the 193 nm pulsed output of a UV excimer
laser (Lambda Physik) are collinearly propagated through
the cell by the use of an IR transparent MgF, beam splitter
coated for high reflectivity at 193 nm. The excimer laser is
operated in an unstable resonator configuration which mini-
mizes the divergence of the UV beam in the far field and
allows for the propagation of the photolysis beam over the

€TALON

AVERAGER Aup 130 LEny LASER

I L TOR EAM
W ovms

THANSIENT
MECOROEN

<>

LINE  AmP  Tasy LEnS
onveER

FIG. 1. A schematic diagram of the excimer/diode laser double resonance
apparatus. The UV photolysis source is a pulsed excimer laser operating at
193 am, and the [R probe source is a tunable diode [aser emitting at approxi-
mately 4.3 um. A portion ( ~8%) of the diode laser probe beam 13 diverted
through a high voltage dc discharge cell used to locate the high vibrational
states of CO, which are excited through an “anharmonic pumping” pro-
cess. The discharge cell is also used as a reference cell in conjunction with a
lock-in amplifier to frequency stabilize the diode laser. The [R probe beam
1s mode selected with a monochromator and detected with a liquid nitrogen
cooled IR detector.

long distances (5-7 m) necessary for the present experi-
ments. Time-dependent changes in the absorption of the di-
ode laser beam caused by CO, produced in the photolysis
process are monitored with a liquid nitrogen cooled InSb
detector and matched amplifier (300 ns response time). The
signals are acquired with a Biomation 8100 transient record-
er and signal averaged with a Nicolet 1170 averager.

Using a 207 cm cell at a CO, pressure of 10 Torr, where
pressure broadening begins to make the direct spectral ob-
servation of weak absorption features difficult, the present
apparatus is able to detect the presence of molecules in states
whose ambient population at room temperature is about
10 - © of the ground state population. In order to locate and
identify transitions corresponding to high lying vibrational
levels which have extremely small ambient populations at
room temperature, a portion ( ~8%) of the IR beam is split
off and directed through a CO, discharge reference cell.??
This cell consists of a high voltage dc discharge applied to a
low pressure mixture of CO., N., and He. It provides a
steady state, non-Boltzman population of highly vibration-
ally excited CO, with effective vibrational mode tempera-
tures as high as 2900 K.** We present in Fig. 2 typical ab-
sorption spectra observed through the auxiliary cell with the
discharge both on and off. Note that transitions from high
lying vibrational levels such as 00°3 —00°4 are readily ob-
served when the discharge is applied. This is remarkable be-
cause there is less than 1 molecule/cm’ in a given rotational
level of the 00°3 vibrational state for a 1 Torr sample at 300
K. Using the discharge cell, we have been able to probe CO,
vibrational levels as high as 05°0 and 00”4. The reference cell
is also used to actively stabilize the diode laser frequency
onto a specific absorption line during the experiment. The
reference signal is sent to a lock-in amplifier whose deriva-
tive output is fed back to the diode laser current controlier.
This procedure “'locks™ the laser frequency to the peak of
any given CO, absorption line appearing in the discharge
cell.

0.0478¢m "'
ETALON FRINGES

) MMM A A o

JISCHARGE ON

I
2203.021sm”!
0003 ~= oo
*aon 'ico,

f W OISCHARGE OFF

2282.944 c» "
0220 —= 02t
» e8) '*co,

FIG. 2. Tyvmcal CO, absorption spectra using the CO. discharge reference
celf. Top trace: Fringe pattern of a sohd Ge etalon used for frequency refer-
encing ( free spectral range ~0.047S cm '), Middle trace: CO. absorption
spectrum 1 the vicinity of 2283 cm ' observed through the reference cell
with the discharge applied (N,.CO. He~413 7. P = 10 Torr: discharge
current = 25 A). Note the intensity of the absorption feature correspond-
ing to the transition onginating om the high lying 00”3 vibrational state
Lower trace: CO, absorption spectrum in the same spectral region with the
discharge turmed off.
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4600 O'Neill, Kreutz, and Fiynn: Photofragmentation of pyruvic acid

In order to account for the shot to shot instabilities of
our excimer laser photolysis source, the average pulse inten-
sity is measured by diverting a portion of the UV beam to a
Gentec power meter and accumulating the signals with a
signal averager. The data is subsequently normalized by this
factor.

The pyruvic acid used in these experiments ( Aldrich
98% ) was purified by repeated fractional distillation under
partial vacuum conditions. Sample purity was checked with
NMR spectroscopy. Pyruvic acid/argon samples were ob-
tained by combining a concentrated mixture of pyruvic acid
vapor in argon (made by flowing argon across a reservoir of
the liquid acid) with a stream of pure argon. By varying the
relative flow rates of the two streams, a variety of sample
concentrations could be achieved while maintaining a total
pressure of 5 Torr in the cell. The partial pressure of pyruvic
acid in each mixture was determined by comparing the tran-
sient absorption signal of the mixture with signals obtained
using known pressures of pure pyruvic acid in the cell. The
sample flow speed was sufficiently rapid to prevent the
buildup of photoproduct contaminants in the cell. It is par-
ticularly important to avoid the accumulation of vibrational-
ly relaxed CO, molecules whose significant room tempera-
ture populations in the 00°0 and 01'0 levels can distort
measur.*ments of the nascent populations in these levels.

In a typical experiment, the change in the diode laser
absorption (mn'pJ) — (mn'p + 1.J + 1) is measured fol-
lowing the UV photolysis of pyruvic acid/argon mixtures.
Of particular interest is the prompt rise in signal intensity
which immediately follows the excimer laser pulse (20 ns

00°0—-00°1 P(60);

01'0—-01'1 P(49),P(35),P(30):
02°0-02°1 P(37).P(22).P(17);
03'0-03"1 P(24).P(8),P(33);
04°0--04"1 P(10).P(20):
10°0-10"1 P(48),

0221-0272 P(10);

Our investigation focuses on the bending (v.) and asymme-
tric stretch (v,) vibrational modes of CO, . These modes are
only weakly coupled to each other. requiring approximatelv
30 000 CO,-CO:. collisions for intermode equilibration.***
Rovibrational levels in the bending and symmetric stretch
(v,) modes, on the other hand. are strongly coupled via Fer-
mi resonances and easily reach vibrauonal equilibration
within the rise time of the detector. As a result. these expen-
ments do not differentiate between the nascent populations
formed in such states as 10°0, 02°0, and 02°0. Measurements
of the vibrational populations for the 10°0 and 02°0 states
yieldaratioof N ,,/N_ . =0.40 + 0.10, which is in excel-
lent agreement with the value of 0.39 predicted by Boltz-
mann statistics at room temperature. This indicates that the
Fermi-mixed v, and v. vibrational states have attained ther-
mal equilibrium through collisions with argon within the
response time of the detector. Nevertheless, intramode vi-

width). The amplitude of this detector limited rise is a mea-
sure of the number of CO, molecules found in the (mn'p,J)
level after a time interval of 300 ns, the response time of the
detection system. The sample pressure and composition are
chosen specifically to influence the dynamics occurring
within this time period. For example, the partial pressure of
pyruvic acid is kept at 40~50 mTorr in order to assure ade-
quate signal intensity while minimizing the partial pressure
of the CO, photoproduct. This ensures that vibrational re-
laxation within each CO, vibrational mode (which occurs
within 2-25 CO.~CO, collisions) is insignificant within the
rise time of the detector. In addition, excess argon (typically
S Torr) is added to the pyruvic acid in order to ensure com-
plete rotational relaxation in each vibrational level of the
nascent CO, molecules within the rise time of the signal. As
a result, the population within a particular vibrational level
may, in principle, be obtained by measuring only one absorp-
tion line out of that level since the relative intensities of the
absorption lines are given by the rotational Boltzman distri-
bution. However, the vibrational populations reported in the
next section are extracted from measurements taken on two
or more absorption lines per vibrational state, each of which
was found to yield similar results for the population of the
entire vibrational level.

RESULTS

Immediately following the 193 nm photolvsis of pyruvic
acid. transient IR absorption signals were observed while
monitoring the following CO, transitions:

00°1 -00"2 P(13).P(17).P(37):
002 -00°3 P(10),R(14),R(20);
00°3 -00°4 R(23).R(25);
01'1-01'2 P(8).P(24);

00°0—-00"1 R(40),R(48) "CO..

r
brational equilibration (i.e., between 01'0, 02°0. 0370, etc.)
does not occur on this time scale.

The absorption signals obtained by our apparatus are a
measure of the difference in populanon between the upper
and lower levels of the IR transition. In order to determine
the nascent population in a particular vibrational level
(mn'p), it was necessary to take into account the nascent
population in the upper level (mnp ~ 1). In the present ex-
periments, contributions by the upper state populations to
the signals from low lying vibrational levels such as 00"0.
01'0, 0270, 001, and 00°2 were determined directly by prob-
ing (respectively) the 00°1,01'1,02°1, 00"2. and 003 states.
For higher vibrational levels, 1t was necessary (o estimate the
contribution of the upper state by extrapolating from the
measured data. Since the nascent populations were found to
fall off rapidly with increasing energy, the upper state contn-
butions were usually negligible.
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oo —0i'1, P(30}

40mTorr Pyruvic Acid
+ 5 Torr Argon

20usec full scale

00%1 —=00°%2,pP(37)

40 mTorr Pyruvic Acid
+5 Torr Argon

40usec fuil scale

00°1 —= 0092, P(37)

40 mTorr Pyruvic Acid
+ 5 Torr Argon

200 usec full scale

FIG. 3. Transient absorption signals obtained while monitoring the lowest
bending and asymmetnc stretching levels of the CO, photofragment. The
prompt nse in the signal corresponds to the direct formation of CO. mole-
cules 1n the rovibrational level being probed by the diode laser. The imiuial
population of CO, found in the 00°1 level 1s substanuially smaller than that
found 1n 01'0. but the long time 00”1 population increases dramatically due
to collisional excitation.

Bending excitation in the CO, photoproduct

Transient absorption signals were obtained while moni-
toring the 01'0, 02°0, 03°0. and 040 bending mode vibra-
tions in the CO, fragment. The 01'0 signal, shown in Fig. 3,
exhibits a detector limited rise (1inimediately following the
excimer laser pulse) corresponding to the CO, molecules
which are formed directly or relax into the 01'0/ = 30 state.
Following the prompt rise, we observe more compiex tempo-
ral behavior which reflects the subsequent relaxation during
collisions with other species present in the sample cell. Qual-
itatively similar temporal profiles were observed in all of the
bending level signals.

Evidence of rotational excitation within the 02°0 vibra-
tional state is seen in the 02°0 P(22) and P(37) signals (not
shown ) for pure pyruvic acid at pressures below 0.1 Torr. At
pressures as low as 40 mTorr, the P(37) transition displays
an imtial rise which is detector limited. The P(22) absorp-
tion signal, on the other hand, is not detector limited and
nises at a rate which is dependent on the total gas pressure.
This suggests that CO, molecules which are produced in the
02?0 pure bending state are also formed with significant rota-
tional excitation. The lower rotational levels are filled during
subsequent rotational relaxation. For states such as 0270,
vibrational energy transfer from levels 10°0, 02°0 can also
occur as a result of collisions as noted above. The effect of

Probe: 0220 —= 0221 P(22)

pF’yr\nm: Acid 200mtorr; X =193nm

S0 usec full scale

A) O torr Ar
B) 1 torr Ar
C) 2 torr Ar

- D) 3 torr Ar

trig- 1 harv - OWe S

<— Absorption

FIG. 4. Transient absorption signals obtained while monitonng the
02°0—02%1 P(22) transition in CO, following the 193 nm photolysis of pyr-
uvic acid. These curves illustrate the effect of added Ar on the rotational
equilibration process which is responsible for feeding population into this
state. As the pressure of Ar is increased, the imtal change in absorption of
the diode laser becomes more rapid because the rate of rotational equilibra-
tion is increased.

increased argon pressure on the initial rise time of the 02°0
P(22) absorption signal is shown in Fig. 4. The addition of §
Torr of argon was found to ensure complete rotational relax-
ation within the rise time of the detector. Subsequent mea-
surements of other CO, vibrational levels were carried out
under these conditions.

In Fig. 5 we present the relative nascent vibrational pop-
ulations measured for the 01'0. 02°0, 03°0, and 04°0 bending
states of CO,. The logarithm of the vibrational populations is
seen to decrease linearly with the vibrational energy, sug-
gesting amode “temperature’ for the bending levels which is
significantly hotter than 300 K. By fitting a line to the levels
with bending excitation, we find that the effective mode tem-
perature is almost 1800 K. While mode temperatures nor-
mally include the ground state, our results (below) suggest
that the vibrationally excited CO, photoproduct appears to
be the result of a dissociation process which is different from
that which forms ground state CO, molecules. As a result,
the two populations must be treated separately.

Antisymmetric stretching excitation in the CO,
photoproduct :

Transient absorption signals were obtained while moni-
toring the 00°1, 002, and 00"3 antisymmetnic stretching
states of CO, following the photodissociation pulse. The
00°1 signal, shown in Fig. 3, displays a small, detector limit-
ed rise followed by a much slower. large amplitude increase.
The fast rise is caused by CO, molecules which are directly
produced with antisymmetric stretching vibration as a resuit
of the photolysis process. The slower, large amplitude rise is
due to energy transfer into the asymmetric stretch mode as a
result of collisions with hot photofragments. The addition of
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40 mtorr Pyruvic Acid
+8S tore Argon

T 1800 2180°k

POPUL ATION

T 2000 £400°K

/ 002
23700 £1000°K 003

1 i 1 i L . —
V00 2000 3000 4000 3000 6000 T0Q0
STATE ENERGY {cm-!)

RELATIVE

FIG. 5. Nascent distnbution of population among the vanous vibrauonal
states of the CO, photoproduct immediately following the photolysis pulse.
Note the large abundance of molecules which are directly formed in the
ground state as well as the hot mode temperatures which are suggested by
the distnibution of molecules among the vibrationally excited states of CO,.
The v, and v, modes in CO, are tightly coupled through the Fermi reso-
nance pairs present in the molecule. Thus, with the large excess of Ar pres-
ent in these experiments, it is not possible to obtain unambiguous results for
the nascent populations in such levels as 10°, 02°0, and 02°0 which are
rapidly equilibrated by CO,-Ar collisions during the nse time of the detec-
uon system.

argon to pure pyruvic acid caused no change in the ampli-
tudes or rates of these features, suggesting that rotational
relaxation does not play a significant role in these signals.
The nascent vibrational population of each of the antisym-
metric stretching states is shown in Fig. 5. Note that the
absolute number of molecules directly produced in these lev-
els is much smaller than that found in the vibrational states
of the bending manifold, but the population distribution
within the stretching mode is substantially hotter than the
bending states, having an effective mode temperature of
3700 K.

Bend/stretch excitation in the CO, photoproduct

Excitation in bend/stretch combination states of the
CO, photoproduct was observed by measuring the transient
absorption signals for the 01'1 —~01'2 and 0221 - 022 2 tran-
sitions. These signals demonstrate temporal behavior which
is qualitatively similar to that shown by the pure antisymme-
tric stretching levels (see Fig. 3), showing an initial prompt
rise followed by a slower, large amplitude increase due to
vibrational energy transfer from hot photofragments. The
nascent populations for the 01'1 and 02?1 level, shown in
Fig. 5, have an effective vibrationa} temperature of approxi-
mately 2000 K. This value lies between the mode tempera-
tures of the pure bending leveis and the pure asymmetric
stretch states, just as the combination state vibrational popu-
lations lie in between the pure bend and asymmetric stretch
populations.

Formation of ground state CO, (00°0) photoproduct

The production of CO, in the vibrational ground state
was measured by probing the 00°0—00°! transition. Since
the amount of CO, present in the atmosphere is sufficient to
cause complete absorption of tiie diode laser beam at fre-
quencies near the peak of the room temperature rotational
distribution, we found it necessary to monitor the
00°0 - 00°1 transitions of '>CO, during the photolysis. The
small (1%) natural abundance of this species limits atmo-
spheric absorption of the diode laser and-allows examination
of rotational levels close to the peak of the room temperature
Boltzmann distribution. We assume that the dynamics of the
dissociation process involving '*CO- are the same as those
involving the lighter '2CO; species. In theory, the vibration-
al population can also be measured by monitoring a very
high rotational line in the ground state of '2CO.. However,
this latter method involves the extraction of an entire vibra-
tional population from a weak absorption line located on the
wings of the rotational distribution, and as a result. involves
a great deal of experimental uncertainty.

The *CO, 00°0—00°1 absorption signals exhibit an ini-
tial prompt rise which has a very large amplitude. Relative
popuiation measurements show that the number of mole-
cules directly formed in this state during pyruvic acid photo-
lysis is 30 + 6 times that produced in the 01'0 bending state
(see Fig. 5). In other words, 95%-98% of all CO, photo-
fragments are formed in the ground vibrational level. This
result is in excellent agreement with our previous study
which showed (by absolute population measurements rath-
er than the relative measurements presented here) that only
3% of the nascent CO, molecules are found in the 01'0 lev-
el.?! In addition, an initial prompt rise (which was subse-
quently relaxed by the presence of excess argon) was seen in
rotational levels as high as '*CQ, 00°0 J = 60. This suggests
a high degree of rotational excitation in CO, molecules
which are produced in the ground state during the photolyv-
sis.

DISCUSSION

There are several interesting features of the pyruvic acid
photodissociation process which can be compared to the
data obtained in the present experimental study. Figure 6
shows an energy diagram for the photofragmentation event.
Overall, the production of carbon dioxide and acetaldehyde
from pyruvic acid is exothermic by 5 kcal/mol. This energy
(~1750 cm™"') is quite small compared to that available
from 193 nm photolysis (152 kcal/mol or 53 150 cm™")
because of the high energy of the UV photon. Even if the
products initially produced by photodissociation are the hy-
droxycarbene intermediate and carbon dioxide, there 1s stil]
a huge amount of energy left over (20 650cm ™ ') to be divid-
ed among the fragments. The present data, which show that
more than 95% of the CO, molecules are produced in the
vibrational ground state, leave this rather large energy unac-
counted for.

Simple geometric considerations suggest that the CO,
molecules produced in the photofragmentation process
should have large amounts of bending energy. The CO, cen-
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FIG. 6. An energy level diagram indicating the energetics of the 193 nm
photolysis of pyruvic acid. The final CO, and acetaldehyde products are
exothermic by § kcal/mol. The formation of a transient hydroxycarbene
ntermediate species along the dissociation pathway requires approximately
£4 kcal/mol of the total 147 kcal/mol which 1s available in the photolysis
process

ter in the acid is sp° hybridized with a 120 deg angle for the
O—C-0 bond, while free CO, has linear, sp hybnidization.
Assuming that the H atom on the acid center is transferred
to the CH,CO fragment without significant rearrangement
duning photodissociation, a simple Franck—Condon argu-
ment would predict a large amount of bending excitation in
the final CO, product due to the changing geometry alone.
Clearly, some molecules are produced with substantial
bending excitation since ~3% of the CO, is found in the
01'0, 02°0, 03°0, 04°0 states with a distribution correspond-
ing to a rather high temperature (1800 K). Nevertheless,
this represents an extremely small fraction of the total ener-
gy held by the photodissociated species. Antisymmetric
stretching excitation might also be expected as the C-O bond
lengths change during the evolution from pyruvic acid to
free CO,, but the amount of such excitation is observed to be
an order of magnitude less than that found in the bending
mode. Of course, considerable rearrangement of the pyruvic
acid would be expected to occur through a five center transi-
tion state in which the acid H atom is shared by two O atoms
which are in turn attached to two different carbon atoms. In
such a structure the simple geometric arguments presented
above would no longer be expected to hold because the disso-
ciating species would not necessarily have the ground state
geometry.

The majority of the missing energy is unlikely to have
been carried away by a vibrationally hot acetaldehyde frag-
ment. While acetaldehyde does have 15 vibrational modes
compared to 4 for CO,, it is extremely difficult to see how
such a vibrationally hot species (20 650-53 150 cm™"')
could separate from CO, without leaving the latter molecule

much hotter than is observed, especially considering that a
substantial number of the acetaldehyde modes have higher
vibrational frequencies than those of CO-.

There appear to be a variety of possibilities which can
account for the “missing energy.” First, there is more than
enough energy available from the very energetic 193 nm UV
photon to break several bonds in pyruvic acid. Thus, photo-
dissociation may actually produce more than two fragments
(e.g., CO,, CO, CH,, etc.), and some of the missing enetgy
could simply be going into molecular bond breaking. Small
amounts of CO and CH, have been observed dunng the 366
nm of pyruvic acid, but a product analysis study of this pho-
toreaction has not been made at 193 nm.'® We are presently
investigating this point by using diode lasers to probe for the
presence of CO and CH, following 193 nm photodissocia-
tion of pyruvic acid. Preliminary results indicate that a mea-
surable amount of CO is formed immediately upon photo-
dissociation.

Second, the missing energy could be accounted for if
electronically excited states of the products are formed. The
most obvious of these is the hydroxycarbene intermediate/
isomer which is 20 650 cm ' above the ground state of nor-
mal acetaldehyde. The hydroxycarbene intermediate is espe-
cially appealing since pyruvic acid is expected to be an inter-
nally hydrogen-bonded monomer in the gas phase.”’
Nevertheless. if this is the only excited species formed. large
amounts of energy are still available for vibrational excita-
tion in the CO, product. A higher electronic state of acetal-
dehyde, the hydroxycarbene, or even CO, could, of course,
account for a large amount of energy. In this regard, it is
interesting to note that strong excitation of the CO, v, mode,
which might result from the relaxation of such a highly ex-
cited species, was observed on a long time scale in the present
experiments. In addition, absorption signals for the
01'0—-01'1 transition in CO, show a similar long time filling
of the fundamental bending state. While a full characteriza-
tion of the long time behavior of all vibrationally excited
states is needed, the present observations suggest that both
bending and stretching levels of the product CO, molecule
are populated to a similar extent on a long time scale, prob-
ably due to collisions with hot photofragments present in the
cell after the dissociation process.

Finally, nascent vibrational populations have been mea-
sured in only ten low lying vibrational levels of CO.. CO,
could be produced in vibrational levels higher than those
probed, i.e., the observed decrease in vibrational population
with increasing energy may be part of a bimodal vibrational
energy distribution. Mitigating against such a picture are
“*harvesting’’ experiments, where pyruvic acid was photodis-
sociated in the presence of a large background of cold CO.,
which did not reveal the presence of vibrational energy heid
in higher vibrational levels.*' Such experiments are not fool-
proof. however, and the possibility of a bimodal distribution
cannot be entirely ruled out at the present time.

The possibility that a large amount of the initially depos-
ited photon energy appears in the transiational degrees of
freedom of the recoiling fragments was considered by taking
advantage of the high resolutiom of the diode laser and mea-
suring the product CO, absorpuom linewidth immediately
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following the photolysis event. Such measurements were
performed for various 0220-02%1 P, Q, and R branch transi-
tions at a pressure of 25 mTorr (pure pyruvic acid) where
the time interval between collisions is ~4 us. Under these
conditions, no linewidth changes were observed in the time
interval approximately 1 us after the excimer laser pulse.
This observation suggests that little translational energy ap-
pears among product CO, molecules which are vibrational-
ly excited during the photolysis process in the 02°0 state. The
possibility that the large amount of ground state CO, photo-
fragment is produced translationally hot is presently under
investigation by measuring the linewidth of the 00°0—00°1
absorption transition after the photolysis process.

The presence of a large amount of energy in the transla-
tional degrees of freedom of the product molecules could
also manifest itself in the rotational equilibration process
which occcurs in these experiments since translations and
rotations equilibrate rapidly. The importance of such an ef-
fect, however, is expected to be small since under typical
experimental conditions the temperature rise in the cell is
< 10°. Such a small increase in temperature would not cause
a large enough shift in the rotational distribution to account
for the transient population changes which are observed in
the present experiments.

Overall, the data taken in the present experiments may
well indicate a dual channel mechanism for photodissocia-
tion. One channel appears to produce a small amount of CO,
with a high degree of vibrational excitation, and could repre-
sent the conventional Franck-Condon picture in which the
CO, center is changing from highly bent, sp” character to
linear sp character. The second channel, which produces pri-
marily ground state CO., must necessarily proceed through
high energy transient species or multiple bond breaking.
Given the high energy of the UV photon used in the present
experiments, several surface crossings to products could be
available during photofragmentation. Experiments per-
formed at a variety of photolysis wavelengths would be very
useful in helping to sort out the photodissociation mecha-
nism.

Finally, the present experiments also indicate that CO,
is produced with considerable rotational excitation. Mea-
surements of rotational energy distributions in the 00°0,
01'0, and 02?0 vibrational levels are currently in progress.

CONCLUSIONS

A tunable IR diode laser absorption probe technique
has been employed to examine nascent vibrational popula-
tion distributions in the CO, photoproduct resulting from
the 193 nm laser photolysis of pyruvic acid CH,COCOOH.
Approximately 97% of the CO, product is formed directly
in the vibrational ground state, while the remaining CO,
molecules are produced with a significant degree of vibra-
tional excitation. These latter molecules exhibit vibrational
energy distributions which correspond to the following
mode temperatures:

T(v;) = 1800 + 150 K,
T(v,) = 3700 + 1000 K,
T(v, + v4) = 2000 + 400 K.

These results suggest that the 193 nm photolysis may pro-
ceed through two dissociation channels having markedly
different fragmentation mechanisms. In addition, evidence
of substantial rotational excitation has been observed.

The vibrational excitation in the CO, photofragment
accounts for only a small fraction of the energy available in
the dissociation process. The remaining 6 eV of available
energy is sufficient for the production of electronically excit-
ed acetaldehyde or CO, products as well as the further frag-
mentation of the acetaldehyde molecule. Preliminary results
indicate that CO molecules are also produced during the 193
nm photodissociation. A more complete picture of the pho-
tofragmentation dynamics should emerge with a wavelength
dependent analysis of the dissociation products.

These experiments demonstrate the power of time do-
main diode laser absorption spectroscopy for the measure-
ment of nascent vibrational state distributions in polyatomic
molecules. Recent experiments at lower pressures have dem-
onstrated the usefulness of this technique in extracting rota-
tionally resolved product state distributions for a variety of
experiments.?® We are presently applying these methods to
examine the nascent rotational distributions in the CO, pho-
tofragment from pyruvic acid in order to futher elucidate the
dynamics of the 193 nm photolysis. The extremely high reso-
lution of the diode laser ( ~0.0003 cm ™ ') can also be used to
measure the linewidth of the nascent product states in order
to obtain information about the recoil velocity of the CO,
fragment.
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Rotationally resolved isotope effect in the hot atom collisional excitation of
CO, (00°1) by time-dependent diode laser spectroscopy

Scott A. Hewitt® John F. Hershberger, and George W. Flynn
Department of Chemistry and Columbig Radiation Laboratory, Columbia University, New York,

New York 10027
Ralph E. Weston, Jr.

Department of Chemistry, Brookhaven National Labaratory, Upton, New York 11973

(Received 27 April 1987; accepted 18 May 1987)

The study of collisional energy tr:: sfer between transla-
tional and internal degrees of freedom has received increased

tum in the CO, asymmetric stretch and bend vibrations was
measured, and the data indicated a substantial isotope effect

| I N

'K attention in recent years.'® An efficient source of transla- with the heavier D* atom exciting the lower frequency bend Y
:: tional energy is the excimer laser photolysis of small mole- preferentially. o
AY cules to produce hot atoms with energies of severaleV. In the In the present experiments. 193 nm pulses from an ArF -
_,:‘ present work. hot deuterium atoms have been produced by excimer laser with unstable resonator optics ( Lambda-Phy-
LN photolysis of D,S: sik EMG 201) are propagated down a 9 ft sample cell -

through which flows a 1/1 mixture of D.S/CO, or H.S/
CO.. Tunable cw radianion from a diode laser ( Laser Ana-
lytics) at 4.3 um 1s propagated through the cell collinearly
with the excimer beam. The diode laser is tuned to specific
rotational lines of the 00°1 —00°2 vibrational band of CO,.
Time-resolved changes in the transmitted IR intensity are

D.S + Av(193nm)—-D*(E,, =2.16eV) + DS. (1)
Inelastic scattening then produces excited CO,:
[). ~+ (:(): (er*),/) bnd [) -+ (:()2 ((X)O]",l) . (2)

High-resolution diode laser spectroscopy is then used to
probe the rotational level of the CO, (00°1) state:

'- '.‘ '.\)l.‘

¥

.8
e,

CO, (00°1,J) + Av(4.3um)~CO; (00°2,7" — 1). (3)

In this Communication we report the observation of a pre-
ference for excitation of high J relative to low J levels of CO,
(00°1) by hot D atoms compared to hot H atoms.

This experiment is based on an earlier study of the rota-
tional distribution of CO, (00°1, ) due to collisions with
hot H atoms at 2.30 eV produced by the photolysis of H.S.°
In that study, the rotational distribution was found to be
peaked at J = 33, substantially higher than the room-tem-
perature Boltzman distribution peak of J=15. In work
completed prior to that study,”® the total number of quan-

measured with an InSb detector. The signals are digitized.
summed, and sent to a computer for storage and later analy-
sis.

Transient absorption signals of the 00°1 =002 £(13),
P(19), P(29), P(35). P(39), P(41), P(51). P(59), and
P(65) transitions in CO. were obtained at sample pressures
of 25 mTorr. The low pressures used assure that rotational
relaxation of the CO, ( ~4 us) is substantially slower than
the rise time of the detection system ( ~0.5 us), permitting
direct measurement of nascent rotational populations. The
observed signals for high rotational levels of 00°1 CO, have
an initial fast rise due to direct formation of excited CO. by

1894 J Chem Phys 87 (3). 1 August 1987
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RATIO OF CO0,(00°1,7) EXCITATION BY H*vs. D"
NzS/Cczil/l;ZSm'on

Nya/Nga

3% ac ¢ €2 c

1
(o]

TC o]

FIG 1 Expenmentai values for Ny. /Np. vs CO, rotational level (J) for
1/1 mxtures of H.S/CO. and D.S/CO, at 25 mTorr N,.(Ny. 1 15 the
population increase 1n a given 00”1 rotational state after the H*(D*)/CO,
collisional interaction. The solid curve 1s a hinear least-squares fit of the
data. The inset scope trace shows the change n absorption of the diode
probe beam for the 00Y1 —00°2 P(39) transition after 193 nm photoivsis of
H,S1n CO;and D.S1n CO;1n a9 frcell

hot H or D atoms (see inset of Fig. 1), followed by a slower
decay which is attnibuted to rotational relaxation. For low
rotational levels of 00°1 CO., the fast rise is small or nonexis-
tent, and the signals have a slow rise due 1o rotational relaxa-
tion which fills the lower J states.

To obtain the rotational distribution directly, the fast
rise amplitudes must be normalized for excimer and diode
laser intensities and absorption line strengths; this was done
in the earlier H® atom experiment.’ In the present expeni-
ments, to avoid the errors involved with such normaliza-

ety -I- ‘F Wt %

*-'ﬁ Ay, wfele s

tions, ratios of H* and D* atom fast nse amplitudes were
measured by locking the diode laser on a given
00°1, J'~00°2,J ' — |transition and flowing through the gas
cell an H,S/CO, sample and then a D,S/CO, sample. When
plotted as a function of rotational level, these ratios show a
significant negative slope (see Fig. 1). From the ratios and
the previously measured H® atom distribution,’” the D*® atom
distribution can be obtained. While the overall vibrauonal
excitation of CO, (00°1, J) by H® atoms is about twice as
efficient as excitation by D*® atoms, Fig. 1 shows a clear pre-
ference for higher J by deuterium as compared to hydrogen.
The availabje angular momentum in a hot H or D colli-
sion is L = ubg where u is the reduced mass, & the impact
parameter, and g the relative speed. For fixed b, D*/CO.
collisions have a v2 larger L than H*/CO, collisions. This
probably accounts for the increasing excitation probability
of high J 00°1 levels by D* atoms compared 10 H* atoms.
Work performed at Columbia University and supported
by the Department of Energy under Contract No. DE-
ACO2-78ER04940 and Grant No. DE-FGOS5-85SER75213.
Equipment support provided by the National Science Foun-
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Diode Laser Absorption Probe of Vibration-Vibration Energy Transfer in CO,

Thomas G. Kreutz, James A. O’Neill, and George W. Flynn*

Department of Chemistry and Columbia Radiation Laboratoryv. Columbia University. New York New York

10027 (Received: August 5, 1987,

Time domain absorption spectroscopy with a tunable diode laser has been used to measure the rate constant for vibra-
tion-to-vibration energy transfer in CO; via the near-resonant “collisional up-pumping” process CO,(00°1) + CO,(00%1 )
= C0,(00°2) + CO,(00°) The diode laser. in combination with a CO; discharge reference cell. is used to monitor the
time-dependent population increase within the CO,(00°2) state in a 10-1 mixture of Ar and CO, following pulsed excitation
of the CO,(00°1) level by a Q-switched CO, laser. The intramode relaxation rate constant. k. for this process 1s found 10
be (56 £ 0.7) x 10¢s™ Torr™ or (1.7 £02) x 107% cm’ s*! molecule™' at 298 K.

Introduction

The dynamics of both pulsed and CW CO, lasers have been
the subject of extensive research for many vears '~ The behavior
of these systems is now rather well understood. and kineuc models
agree well with experimental results. Such models are based upon
numerous rate constants for vibration-to-vibration (V~V) and
vibration-to-translaton (V-T) energy transfer between CO,. N..
and rare gases. values for which have been measured by infrared
fluorescence and CO, laser double-resonance techmques.®™'®

(1) Patel. C. K. N Phis Rev Letr 1964, /0. 5881964, /3. 617. 4pp!
Phys Letr 1965. 7. 290

(2) Gordictz. B F . Sobolev. N N . Sokovikov, V V. Shelepin. L. A
JEEE J Quantum Electron 1968. 4. 796 Moore. C B Wood. R E . Hu.
B E. Yardley. J T.J Chem Phvs 1967 46, 4222

(3) Dang, C. Reid. J . Garside. B K 4pp/ Phyvs 1983 B3! 163 IEEE
J Quantum Electron 198319 7385 Brimacombe. R K. Red. !, Znotins.
T A Appi Phys 1988 836 115

(4) Stephenson, J C . Moore. C B J Chem. Phys 1972 56. 129¢
Stephenson, } C. Wood. R E. Moore. C B J Chem Phys 1971, 543097
Yardley. J T . Moore, C B J Chem Phys 1967, 46, 4491

(5) Rosser. Jr. W A Gerry, A. D, Wood. E T J Chem Phys 1969,
50. 4996 Rosser. Jr . W A Sharma. R D. Wood. E T J Chem Phys
1971, 54. 1196 Rosser. Jr . W A Gerry. A D J Chem Phvs 1971 54,
4131

(6) Huddleston. R K. Wenz. E Chem Phys Letr 1981, 81 174

(7} Temple. T A . Suhre. D R . Coleman. P D 4ppl Phys Lett 1973
22,349 Stark. Jr . E E 4ppl Phys Lert 1973 03 33% Jacobs. R R,
Petuipiece. K J . Thomas. S ) Phis Ret 41978 /[ S4

Perhaps the most fundamental V-V energy-transfer process in
CO; 1s the near-resonant “collisional up-pumping™ process

CO(00°1) + COL001) == COL(00°2) +

C0,(00°0) de= -285cm” (1)
which serves as a model for how vibrational energy 1s distributed
within the asymmetnc stretch (#1) mode of CO. The intramode
relaxation rate constant. k, for this process 1s expected 10 be
approximately gas kinetic and has been calculated by Pack.'' but
an experimental value for the room-temperature rate constant has
not been published to date.’® We have recentls measured this
rate using the powerful combtnation of a tunable diode laser
(TDL) spectrometer and a CO, discharge reterence ceil The
diode laser provides a high-resolution probe ( ~0 0003 cm™) for
time domain absorption spectroscopy and has been recentls used
to probe CO, laser dynamics.’ The CO, discharge reference ceil

(8) Finzi. J . Moore, C B J Chem Phys 1978 43 228¢

(9) Burak. 1, Noter. Y . Szoke. A [EEE J Quantum Electron 1973 ¢
41

(10) Thomason, M D Ph D Thesis. Lniversity of Virgimia. Los Alamos
National Laboratory. LA9420.T 1982

111 Pack, R T J Chem Phys 1980 70 6180 Note that Pack's rate
constant, k. wnitten 1n terms of the disappearance of CO(O0°1 1, 15 twice as
large as that defined ineq | and 2
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COLLISIONAL UP-PUMPING CO, DISCHARGE CELL ABSORPTION SPECTRUM

™~ 00478 cm”'

CO, (00°1)+ €0, (00°1) &= C0,100°2) + C0,(00°0) \A/\/\MAMA‘AMAMAN\M
Y\ DISCHARGE OF F
\V\ T

|

HSCRARGE O

ETALON FRINGES
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~
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T/div Gue Oh2 100 {00*2)1—={00"*3)
0.  _ORdiy - (b riia1 oy
2%10 035 ¢em”’

Figwe 2. T'ypical CO, discharge cell absorption spectra in the 2300-cm’
region with the discharge (a) turned off and (b} ignited 128 mA ) Note
that the intensity of the (00°2) — (00°3) R(14} iine at 2310038 em
1s increased by 8 orders of magnitude when the discharge is turned on

CIODE LASER ABSORFTION
C0,(00%2:J:20)+ .43um)—=C0,(00°3;J21)

Figwre 1. Time domain absorption signal for the (00°2) — (00°3) R(20)
transition of CO, following excitation of the (00°1) level by 9.6-um
radiation from a Q-switched CO, laser. The sample 15 a 1:10 mixture
of CO,:Ar at a 1otal pressure of 1.0 Torr and a temperature of 298 K
The trace represents the average of 32000 signals and has a time base
of 20 us full scale

AL S
x

-
¥

populauon of highly vibrauionally excited CO,, with “effective”
(Treanor-type'?) vibrational mode temperatures as high as 2900
K.'* In this experiment. the discharge enhances the (00°2)
popuiation by more than 8 orders of magnitude (from ~107'° to
0.05 of the ground-siate populauon), providing a precise frequency
reference for each (00°2) — (00°3) absorption line. Accurate
assignments of the additional lines present 1n the discharge are
made possible by high-resolution FTIR spectroscopy of discharge
excited CO,.'* Typical reference cell absorption spectra are shown
in Figure 2. Note the dramatic increase of available absorpuon
fines when the discharge is emploved.

R
.

l' s

creates stcady-state populations of vibrationally hot CO, and
provides frequency references for thousands of high-lving rovib-
rational lines which are normally inaccessible at room temperature.
The TDL /discharge cell combination aliows virtually every im-
portant rovibrational level in the CO, laser to be probed with
extremely high temporal znd spectral resolution.
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Experimental Section

In the present double-resonance experiment, the 9.6-um output
of a Q-switched CO, laser is propagated through a 2-m-long
sample cell containing a 1:10 mixture of CO, and argon. popu-
lating the CO,(00°1) vibrational state. The argon promotes ro-
tational relaxation within each CO, vibrational level without
significantly affecting vibrational relaxation. so that the rotational
levels are described by a Boitzmann distribution throughout the

I

Data Amalysis
The kinetics of the collisional up-pumping process given in eq
| may be modeled simply by
Na(r) = k[N(D]? = ko NoNatn) (2)
where N, (1) is the population in (00°1) and & and k_, are the

forward and backward rate constants. Since .V, and V(1) are
not significantly perturbed by the up-pumping process, eq 2 is

P

experiment. [n addition, the rare gas limits radial diffusion of
excited CO, molecules out of the probe beam. The diode laser.
which is used to monitor (via absorption at 4.3 um) the time-
dependent populations in the (00°2) level, is copropagated along
the cell axis, passed through a monochromator (1o discriminate
against competing spatial and jongitudinal modes). and detected
with a cooled (77 K) InSb detector. Time-resolved changes in
the transmitted intensity of the diode radiation are acquired with
a Biomation 8100 transient digitizer and averaged on a Nicolet
1170 signal averager. A trigger is provided by detecting a portion
of the CO; laser pulse ( ~0.4-us width) with a cooled (77 K)
HgCdTe detector having a response time of ~0.1 us. A typicai
time domain absorption signal for the (00°2) level is shown in
Figure 1, where the diode laser is tuned to the (00°2) — (00°3)
R(20) transition at 2313.959 cm™'. In order 10 locate this ab-
sorption line and lock the diode laser 10 this frequency, a portion
of the beam is split off before the sample cell and directed through
a CO, discharge reference cell and into a monochromator, IR
detector. The reference cell absorption signal is sent to a lock-in
amplifier whose output 1s fed back into the diode laser current
controller for frequency stabihization. This configuration fixes
the frequency of the diode laser at the peak of a singie absorption
line throughout the duration of the experiment

The discharge reference cell consists of a high-voltage dc
discharge (16 kV: 25 mA) applied to a low-pressure mixture of
CO,. N;, and He. It provides a steady-state. non-Boltzmann

- -
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uncouplied from the analogous equations for vy and NV (1). As
a result, the general solution to eq 2 may be written

Ni(t) = kJ;,[‘N‘(r)]:e'v"/ok..u-n dr (3)

As a first approximation, we assume that the (00°!) population
has no significant time dependence on the ume scale of interest,
1/Nok_,. and so N (¢) may be approximated by using a step
function with amplitude, V,. Assuming .V,(1<0) = 0, the soiution
to eq 3 is given by

Nty = Ny(@)[1 - e M) (4)

where Vi) = [NV, ]3k/Nok_,

Time domatn absorption signals were taken on the (00°2) Ri14)
and R(20) lines at total pressures ranging from 0 3 to 10 Torr
(1e.. CO; partial pressures of 27.3-909 mTorr) The signals were
fit to the right-hand side of eq 4 multiplied by a term ¢ ™' to
account for the slow (~54 ms™' Torr'; ref 4) relaxation of 00°1
and diffusion of molecules out of the diode beam. Fitted values

(12) Treanor. C E., Rich.J W Rehm . R G J Chem Phis 1970 4%
1966

(13) Dang. C . Rewd, ) . Garside. B K 4pp/ Phis 1982 807 145 Ballv.
D . Rossetti, C . Guelachvili, G Chem Phys 1988 /(0. |01

(14) Bailly, D . Farrenq, R . Rassetts, C J Mo! Spectrosc 1978, °0. 124
Baiily. D . Farrenq. R . Guelachwili. G , Rossetts. C J Mol Spectrosc 1981,
90, 74 Bailly. D 3 eme Cycle Thesis, University of Panis-Sud. 1970
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Figure 4. Time domain absorption signal for the (00°2) — (00°3) R(20;
transition for a 1:10 mixture of CO, and Ar at a total pressure of 1.0 Torr
and 1 temperature of 298 K. The best fit to this data using eq S 1s shown
by the smooth hne.

3b. When fitted to a straight line with zero intercept. the fitted
slope is k., = (5.0 £ 0.6) X 10%s™' Torr™', 1.e., a forward rate
of k = (5.6%0.7) X 105! Torr™'. The fitted value for & is fairly
constant over a large pressure range, having an average of 1.5
us™' (a response time of 0.70 us), exactly the vaiue observed for
the roll off of the rates plotted in Figure 3a.

In the fitting model employed above. the (00°1) population 1s
treated as a step function, rising to its maximum value, V. im-
mediately upon firing the CO, laser. An alternative explanation
of the observed induction period may be the presence of significant
time dependence in the (00°1) population on the time scaie of our
o2 o3 ) A . . [ ch 2

COp PART AL PRESSURE 10| measurement. Processes which might be responsible for sucl
time dependence include (1) incomplete rotational equilibration
Figure 3. Graphs of signal rise rate. k_ N,. versus CO, partial pressure within the (00°1) level, (2) the finite rise time of the CO; laser

for (a) a simple exponential soiution V:(f) given in eq 4 and (b) an (measured puise width ~0.4-us fwhm), and (3) depletion (~8%)
induction period solution .V.*™() given in eq S Fitted slopes for these of the (00°1) level by the fast process

graphs are given by (a) k.. = (33 £ 08) % 10°s™" Torr™ and (b) k ,
=50z 06)x10°s Torr' Only solid data points were used n the + 10) —e

linear fit of the slope. k.. and 1n (b) the intercept was consirained to be C0,(00°1) C01(01| 0 o i
equal to zero CO,(01'1) + CO,(00°0) Ade= -13cm™ (6)

:
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which occurs at a rate of (5.3 £ 1) x 10* s7' Torr™' (ref 9).
However, additional modeling of these processes vields essenually
the same value for k given above, suggesting that eq 5 is adequate
for extracting & from the data.

for k_, NV, are graphed as a function of pressure in Figure 3a. and
linear behavior 1s observed up to CO. parrtial pressures of 450
mTorr. The slope of these data points 1s given by k., = (3.3 %
08) x 10*s " Torr ', 1.¢..a forward rate foreq | of k = (3.7 %
0.9) x 10°s”' Torr'. The observed rates roil off at a maximum
of 1400 ms™', corresponding to the detector/amplifier response’
time of ~0.7 us

Typical {00°2) time domain absorption signals isee for esample
Figure 1) exhibit a small induction period following the CO. laser
pulse, suggesting the presence of a secondary process which occurs
on the same time scale of the signal of interest. We believe that
this feature may be a“tributed to the finite response ( ~0.7 us)
of the detection system  [n order to improve upon the simpie data
analysis given above, the observed signai, V,°®(r), is a modeled
by us:ng a standard first-order differential equation to describe
the detector ‘amphifier response. driven by the simple exponential
solution for V.(1) given in eq 4. The abserved ime domain signal
1s then given by

a4 e 4 &
r s % e
PR R R

Discussion

1

s

N.%(¢) reproduces the induction period seen in the observed
time domain (00°2) signals, and as a result. the fitted rise times
are faster than those obtained with the simpie exponenuai solution
for Vy(1) given in eq 4. The model vields a correct value for the
tume response of the detection system (as determined 1n Figure
3a) and provides a small correction to the value for the rate
constant obtained via eq 4. Our best estimate for the collisional
up-pumping rate, k., is thus (5.6 £ 0.7) X 10°s™ Torror (1.7
+0.2) X 107'%cm’ 57" molecule™? at 298 K. This value is quite
close 10 both previous estimates'®!! and rates for similar near-
resonant processes. * The distorted wave Born :alculations of
Pack'! yield a value of k = 9.2 X 10°s"! Torr™'. but he suggests
that the actual rate 1s only 0.75 of this value, i.e.. 6.9 X 10* 5™
[k Noe™ - gt Vo] () Torr™'. In addition, Thomason gives a value of (7.61 % 0.2_4) X
8-k N 10° s™! Torr™' at 700 K. measured by double-resonance using a

sequence band CO; laser."®
where 15 a free parameter representing the response time of the In summary, we have measured the rate for collisional up-
detection system. The measured (00°?) signals were fitted to the pumping in CO, using the powerful combination of a tunable diode
right-hand side of eg S. multiplied by a term ¢ ™" as before  As laser spectrometer and CO, discharge reference cell. This ap-
shown in Figure 4, V,°™(1) exhibits an induction period similar paratus provides a high-resolution absorption probe capable of
to that seen in the data. Values for k_,.V, obtained from this measuring CO, populations in rovibrational levels as high as 3
analysis are graphed as functions of CO, partial pressure 1n Figure eV n energy. We are presently using this TDL . discharge cell
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combination to measure the nascent rotational and vibrational
distributions of excited CO, molecules created by a variety of
chemically interesting processes such as photodissociation,'’
electronic quenching,'® inelastic scattering,'” and bimolecular and

(15) O'Neill. J. A.: Kreutz, T. G.; Flynn, G. W_, accepted for publication
inJ. Chem. Phys. Wood, C. F.. O'Neill, J. A.; Fiynn, G. W. Chem. Phys. Lett.
1984, 109, 317

(16) Brady. B. B.; Spector, G. B; Chia, L. Flynn, G. W. J. Chem. Phys.
1987, 858, 3245.

{(17) O'Neill, J. A.; Wang, C. X, Cai. J. Y. Flynn, G. W.; Weston, Jr.,
R. E. J. Chem. Phys. 1986, 85, 4195. O'Neill, J. A  Cai, J. Y.. Flynn, G
W.. Weston, Jr., R. E. J. Chem. Phys. 1986, 84, 50. Chu, J. O.; Wood, C
F.. Flynn, G. W, Weston, Jr.. R. E. J. Chem. Phys. 1984, 80, 1703; 1984,
81,5533, Hewint, S. A; Hershberger, J. F.; Fiynn, G. W.; Weston, Jr., R.
E. J. Chem. Phys. 1987, 87, 1894,

ot T

5543

surface chemical reactions.'
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Direct formation of dielectric thin films on
silicon by low energy ion beam bombardment

S S Todorov, C F Yu and E R Fossum, Department of Electrical Engineering and Columbia Radiation
Laboratory. Columbia University, New York, NY 10027, USA

Dielectric films with thickness of the order of 50 A are obtained at room temperature by bombarding exposed
silicon surfaces with an oxygen-containing ion beam of energy 60 eV. Silicon nitride thin films have also been
formed using the same technique. The film thickness is self-limited and largely independent of ion dose. AES
and XPS analysis of the produced thin films indicate that the films are not entirely stoichiometric and contain
lower oxidation states of silicon. The high electrical quality of the oxide films is demonstrated by the successful
fabrication of n-channel MOS transistors with gate dielectrics obtained by ion beam oxidation at room

temperature.

Introduction

Silicon dioxide 1s an indispensable material for silicon MOS
technology where 1ts excellent dielectric properties are used both
for insulation and field enhancement in the finished devices and at
various stages of the fabrnication process. Oxides for such
applications are usually grown on the surfaces of silicon wafers in
oxidizing ambients at temperatures exceeding 900 C. In some
applications. such as thin-film FETs on low-melting point
substrates, e.g. for flat panel displays. an alternative to thermal
oxidation must be found. Reduced-temperature oxidation is also
desirable 1n conventional sificon technology since repeated
heaung and cooling of the substrate leads to thermal stresses.
crystal defects. wafer warpage and impunty redistribution. These
become tncreasingly important with the trend toward smaller
device dimensions and the efforts to fabricate stacked three-
dimensional MOS structures.

Various techniques have been proposed for oxidation of silicon
at reduced temperatures. including plasma oxidation and anodi-
zation, chemical vapour deposition tCVD) and plasma-enhanced
CVD. reactive sputtering, evaporation or sputtering in an oxygen
ambient, and a number of other methods. However, few of these
have successfully produced thin oxides suitable for gate dielec-
trics. Recent reports of successful MOSFET fabricatuon using
oxidation at reduced temperatures include microwave plasma
oxidauon at 580 C', plasma oxidation at 500 C? and rf sputter
deposition at 200 C for 10 h>.

In this paper. we report on the use of a broad low-energy 1on
beam for direct formaton of ultra-thin device-quality oxide and
mtnde films on silicon. The method has allowed the first
successful fabrication of FET-quality thin oxides at room
temperature. Low energy 1on beam oxidation has the added
advantage of being a clean vacuum process with independent

Research supported by Joint Services Electronics Program under contract
DAAG29-85-K-0049 and an IBM Faculty Development Award
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control over the process parameters and compatibility with other
ion beam or vacuum techniques.

Broad low-energy 1on beams have previously been appled 1o
the oxidation of metals for fabrication of superconducting* and
MOM? structures and for investigation of reaction kinetics
reactive near-threshold sputtering®. Focused ion beams have also
been used to study the oxidation kinetics on ¢111) silicon™.

Fabrication

The experiments were performed using a single-gnd Kaufman-
type ton source. shown schematically in Figure 1. The source
produces a 2.5cm dia ion beam and is capabie of extracting
comparatively large current densities at low appiied voltages. The
extracted ions impinge on an electnically grounded target
positioned 15 cm from the source on a copper substrate holder

Gas in
Anode

Cathode U 1
3
Accelerator . —»
—_—
I

Neutralizer ” I

Temperature '
Control )
~E50°
(RT—=850%C) ! Substrote

000

Figure 1. Schematic diagram of low energy 10n beam expenmental set-up
Base pressure 3+ 10" “torr
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whose temperature is monitored by a surface mounted thermo-
couple. The target temperature is observed to nise only several
degrees above room temperature during ion beam treatment.

To demonstrate the high electrical quality of the ion beam
grown thin dielectrics, MOS transistors were fabricated using the
following procedure on 5cm dia (100} 5 Qcm p-type silicon
wafers, polished on one side. The wafers are chemically cleaned in
degreasing agents, H,SO,:H,0, and 10% HF. p~ channel stops
and n~ source and drain junctions are formed by high-
temperature (1050°C) diffusion of boron and phosphorus. respec-
tively, from spin-on sources through oxide masks prepared by
oxidation in steam at 1000°C. A 5000 A field oxide is grown under
the same conditions and gate regions are etched through to the
silicon surface using a standard wet buffered oxide etchant (BOE).
Immediately before ion beam treatment the wafers are dipped ina
cold dilute HF solution to remove any residual native oxide from
the gate regions. After ion beam treatment, contact holes are
opened through the thin dielectric and 3000 A of aluminium is
evaporated and patierned to form the contact metallization.
Then. 3000 A of aluminium is evaporated on the backside of the
wafer to form a substrate contact. Brief post-metallization
annealing is carried out for 3 min in N, at 400 C.

To investigate the thickness of the thin films. experiments were
also performed on simpler substrates on which only MIS
capacitors were fabricated according to the above procedure
except no p~ and n” regions were diffused and no contact holes
were ciched. These wafers aiso have large bare regions free of
devices used to venfy the thickness of the films by ellipsometry
measurements.

To ensure that the deposited films are grown by direct ion
bombardment and are not due to redeposition of matertal
sputtered from portions of the wafer covered by the field oxide. i1on
beam oxidation was also carried out on bare stlicon wafers
cleaned and dipped tn HF following the same procedure. The film
thickness of these samples was measured on a Gaertner Modeli
L117 ellipsometer immediately after 1on beam bombardment and
over a penod of several days 1o ensure stability of the deposited
films. These samples were also characterized by Auger electron
spectroscopy and by XPS in a Leybold-Heraeus LHS-10 surface
analysis system equipped with a hemispherical mirror analyser
The base pressure in the characterization chamber s 4 x
107 1'% torr. Sputter profiling of the samples is done at 1 x
107" torr argon.

Results and discussion

The dependence of the film thickness obtained by ellipsometry on
the duration of ion beam treatment 1s shown 1n Figure 2. Values
for the oxide thickness were also obtained from the accumulation
capacitance of MIS capacttors measured after post-metallization
annealing. The oxide thickness calculated from C-1" measure-
ments before anneahing 1s unrehiable due to senes resistance in the
evaporated aluminium-substrate contacts

The ellipsometry measurements indicate that after a rapid
inital growth rate. the oxide thickness increases very slowly with
increasing exposure times. This can be explained by the very
limited diffusion of oxygen atoms in the silicon at this low
temperature and the nability of fresh oxygen arnivals to reach
unreacted silicon. It shouid be noted that the thicknesses obtained
from the C-}" measurements are all consistently shghtlv higher
than the values obtatned by elitpsometry. This is probably due to
amorphization of the thin film by the bombarding 1ons which
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Figure 2. Oxide layer thickness obtained by ellipsometry as a function of
ion beam exposure O, partial pressure: 6.5x 107 ° torr lon energy
60 eV.

would lead 1o the films having a different dielectnc constant than
that of buik S10, which is assumed in the calculations of the
thickness based on C-}" measurements.

This figure1s a good illustration of the self-limiting behaviour of
the obtained thin films. Self-imitation was observed in the
measurements of the resistance of thin films grown by direct 1on
beam oxidation of nicke!l® and for etch depths obtained by reactive
sputter etching®. where the self-limitation is believed due to the
competing effects of deposition and sputtenng.

This dose independence has the useful property of producing
very uniform oxide thickness across large targets. The uniformity
of the oxides is shown in Figure 3 where 1t is plotted against the
10n beam intensity profile. The oxide thickness is obtained from
the accumulation capacitance of 2.8 x 10~ ? cm?® MOS capacitors
at various wafer sites. The ion beam intensity is measured by a
[.13 cm dia current probe.

Figure 4 follows the evolution of the Si(LVV) and O (KLLI
peaks in the Auger spectrum of an ton beam oxide and a thermal
oxide measured by ellipsometry at 47 A and 48 A, respectively.
The thermal oxide sample was prepared by placing a cleaned
silicon wafer 1n a pure dry oxvgen atmosphere at 900 C for 8 min
AES 1s performed with a 3 keV electron beam having a | mm spot
size at the target. Profiling 1s accomphshed by sputtering the

dnl J!
4 whsem?)
75 - R

50— -/' * % e N —roc

3 2 1 o} 1 2 3
ricm)

Figure 3. Companson of oxide thickness umformity across a § cm St wafer
ffrom C - measurements of 243 x 10" * cm® MIS capacitorsi and 1on
beam current density profile at the target Current density probe diameter
1.13em. O, partial pressure 6.5« 10~ " torr fonenergy &0 eV Exposure
ume. 6 min Accelerating «oltage 20V
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‘ \ \ monochromatized Mg-K, source providing 1253.6 eV X-rays ata ' ‘
] . power of 240 W. The analyser 1s calibrated using the Au 47 2 3
" ./ peak with binding energy (BE) 83.8 eV. The calibration and the

N / shifts due to substrate charging are checked throughout the runs -

k . | by monitoring the C,, peak (BE = 284 5 eV). Both the O,,and $1,

L | / " peaks were monitored with progressively shallower sampling ]

. an | . depth as the detector was onented progressively farther away

h d_l ./ from the surface normal. Figure 5(a)shows the presence of a sharp
y | / O,, peak with BE=533.1¢V at all detector angles which 15

' . evidence of the uniform stoichiometry of the thermally grown !

N ./ oxide film. The double Si,  peak includes the silicon signal from .

’ * the oxide layer (BE=103.9 ¢V) and the substrate silicon signal

A\ \-\.\.\‘ J (BE=99.4 eV|. The intensity of the substrate 81, peak decreases :

- L as the sampling depth decreases and disappears at 6 =70 The '_

:; 0 2 4 s & 10 ’zl (mm')“ O,, peak of the ion beam oxide, as shown in Figure Sibi1s much

o broader and comprises two unresolved components The higher .
'.: Figure 4. Depth profiles of thermal and 10n beam oxides. Plotted are the binding energy one (BE=532.1¢V) dominates at 6=0 The y
= p;ff;;‘z‘r;’;:rsla:ﬁpffﬂin;fosll ‘ILXX:n g:m()s:;K:}_)io:ubg:;msgnals. lower binding energy peak (BE=531.6 V) graduall) Increases In K

ampiitude relative to the $32.1 eV peak with increasing detector
) ) ) ) angle and dominates at 8 ="70". The behaviour of the jower BE .

o sample with a differentially pumped rastering 3 keV argon 1on  component correlates well with the emergence and growth of a K

% source with current density 1.2 uA cm ™ °. Based on ellipsometry. similar lower BE component of the oxide Si,, at higher 4. These _

g the sputtering rate for SiO; is 3.5 A min ~'. The depth profile of  |5uer BE components suggest that the prﬂ surface region Ry
"-'_I, the thermal oxide indicates a linearly decaying signal correspond-  ¢ongisis of oxide with lower oxidation states than S1O, due either N
' ing to uniform composition of the film. The oxygen profile for the 4 the preferential sputtenng of the lighter oxvgen component or !

‘ ion beam oxide has a peak at a depth of about two monolayers. to the stopping depth of the impinging ox gen 1ons The 10n beam

P~ Thus. as well as the attenuation of the silicon signal wouid indicate sample Si,, oxide peak has BE=1029¢V. a typical ralue K

Ko higher concentration of impurities near the surface. The complete observed for very thin SiO. ref 9). .

- surface Auger spectrum comtains a tungsten peak due to The high electrical qualu; of the 1on beam grown ovide films 1s :

'y sputtering of the source cathode and neutralizer filaments. The best illustrated by the fabricauon of n-channel MOS transistors '

‘_\: shaliower slope of the concentration profiles in the 1on beam with gate dielectrics formed by 1on beam oxidation at room ~3
o sample compared to the thermal oxide would also indicate 4 emperature. The current—vollage characterisics of such a A
lgrger width of the interface region probably due to beam induced transistor are shown in Figure 6. The gate has a 30 um length and -

b disorder. , a 16 um width. Leakage current through the gates 6 nA at 1 V|

N :'.f Angle-.resol\cd XPS spectra of a 48 A thermal and a 47 A 1on however, this i1s several orders of magnitude lower than the drain- .
NG beam oxide are shown in Figure 5 XPS s performed usinganon-  gource saturation current at the voltages at which the transistor
.’
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S S Todorov et al: Direct tormation of dielectric thin films on silicon by low energy ion beam bombardment :.:

Y
better dielectrics than silicon dioxide films of comparable :-: ,
thickness. In fact silicon oxynitride films have been successfully "y
produced by 5keV ion bombardment of silicon'®. We have - ‘:'-
demonstrated the ability to produce nitride films on silicon at 1on ;""
energies below 100 eV. Figure 7 presents a comparison of the C-}° .

and /-1 characteristics of aluminium gate MIS capacitors
fabricated by low energy ton beams at room temperature. The
control sample was fabricated by the same procedure except that
it was not directly bombarded by the tons. since the shutter was
not opened. The ohmic nature of the non-bombarded metal-sili-
con contact is expected and is evidence that not simply charged.
but energetic species are necessary for the formation of the thin
films. The figure also indicates that reverse-bias leakage current of
the nitride sample is lower than that of the oxide by a factor of two.

< N A

Summary

Figure 6. Current-volitage characteristics of a MOSFET fabncated by 1on . N
beam oxidation following post-metallization anneahing horiz.—0.2 V- Device-quality ultra-thin dielectric films have been produced on

div: vert.—20 uA div. D2V step O. parual pressure 6.5x 10" * torr silicon substrates bombarded by reactive ions with energies
lon energy: 60 eV. Time 12 min. 60-80eV. The damage induced by the ton beam does not
significantly affect device operation.
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Reduced reverse bias current in Al~GaAs and In, ;s Ga, ,s As~-GaAs junctions

containing an interfacial arsenic layer

D. V. Rossi and E. R. Fossum

Microelectronics Sciences Laboraiories, 1312 S. W. Mudd Building, Columbia University, New York,

New York 10027
G. D. Pettit, P. D. Kirchner, and J. M. Woodall

IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

(Received 10 February 1987; accepted 21 April 1987)

Interfacial As is shown to reduce reverse-bias current in Al-GaAs Schottky barriers. It is
suggested that the leakage reduction is associated with the removal of low work function phases at
the interface. In addition, current-voltage measurements performed on In, 55 Gag ;5 As—GaAs
heterojunctions indicate a dependence upon the condition of the GaAs prior to deposition of the

Ing ;5 Gag 5 As layer.

I. INTRODUCTION

Excess reverse bias current in metal-semiconductor con-
tacts can degrade device performance. For example, gate
current limits field-effect transistor (FET) sensitivity and
increases power consumption. In charge-coupled device ap-
plications, gate current can contribute to dark current and
introduce nonlinearity in charge packets, thus reducing the
signal-to-noise ratio. Reverse bias current reduction in
GaAs devices requires insight into the relationship among
chemical, structural, and electrical properties of the metal-
semiconductor interface. A manifestation of the interaction
among these properties is the phenomenon of Fermi-level
pinning.

Understanding Fermi-level pinning, however, remains a
formidable problem. Models which attempt to describe this
behavior include metal-induced gap states (MIGS),' ex-
trinsic defect generation during adatom deposition,’ and ef-
fective work functions of mixed interface phases resulting
from chemical reactions between metal and semiconductor.’
The effective work function (EWF) model asserts that these
reactions primarily result in excess anion precipitates (e.g.,
arsenic) which dominate the interface behavior and thus
dictate the effective work function. If low work function re-
gions exist at the unannealed interface they could reduce the
effective work function and observed barrier height, notice-
ably increasing the reverse bias current. Ohmic behavior, for
example, has been reported from a low-work function phase
of Au-Ga that forms at the periphery of an annealed
Au-GaAs contact.* Reduction or elimination of these low-
work function areas should reduce the reverse bias current.
This paper reports an attempt to reduce reverse bias current
in Al-GaAs Schottky diodes by creating a homogeneous in-
terface through deposition of an arsenic layer prior to metal-
lization. In addition, the electrical properties of an
Ing 5 Ga, ;s As—GaAs junction have been examined and are
shown to be dependent upon the condition of the GaAs sur-
face prior to deposition of the InGaAs layer.

il. Al-GaAs JUNCTION

In this experiment, a molecular beam epitaxy (MBE) sys-
tem is used to grow an Al-As—GaAs “test” structure and an
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Al-GaAs *“‘control” structure. After initial preparation, an
n” GaAs sample was mounted onto a Mo block 'sing In and
loaded into the MBE chamber. Subsequent heating removes
the native oxide and helps form a backside ohmic contact. A
0.5-um, 2x 10'® cm~* n-GaAs buffer layer is grown fol-
lowed by an additional 0.5-um n-GaAs layer doped at
2x 10" em >, The “test” structure was allowed to cool to
room temperature and then exposed to an As, flux for a time
corresponding to the deposition of 100 A of As, assuming a
unity sticking coefficient. Prior to removal from the
chamber, 1800 A of Al was evaporated on both samples.
Diodes were defined by photolithography and wet chemical
etching. The maximum temperature during these latter pro-
cedures was 90 °C which should avoid any annealing effects
that could degrade the As interlayer’s homogeneity.
Current-voltage (/-V) characteristics were measured at
room temperature, and the barrier height and ideality calcu-
lated from the forward bias data using a least-squares fit. A
typical comparison between the “test” and “‘control” struc-
tures is depicted in Fig. 1, indicating that the sample contain-

16°
-
3 0
=
Al-As-GoAs
16T+ J
w60 P
eid N N N N t n
-1.0 -08 -06 -0 -Q.2 [} a2 o4
v iv)

F1G. 1. Comparison between Al-GaAs and Al-As-GaAs /-V charactens-
tics showing large reduction in reverse leakage current.
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TABLE I. Ideality factor, barrier height, and leakage current density at 1 V
reverse bias for representative samples.

Barrier Current density

Sample height (eV) Ideality at —1 V (mA/
cm?)
Al/GaAs 0.65 1.06 32
Al/As/GaAs 0.70 1.20 1.10
1(a) 0.65 147 0.86
1(b) 0.60 1.03 3.53
2(a) 0.66 1.01 0.11
2Ub) 0.51 1.07 70.70

ing the As interlayer exhibits a 25-fold reduction of reverse-
bias current. Table I compares the barrier height, ideality,
and current density for the two samples. The test structure,
while displaying less 1deal behavior. does in fact have a typi-
cally 50-60 mV greater barrier height to accompany the re-
duced current. The difference in barnier heights has been
confirmed by internal photoemission measurements. Al-
though roughly an 80 mV barrier height enhancement
would be necessary to account for the current reduction, the
measured barrier height difference is within the experimen-
tal error. Reverse bias current reduction, therefore, has been
achieved by generating a more uniformly pinned interface.

Indeed. the coincidence of As and reduced-dark current
has been previously observed®. Ostensibly contradictory
data for Alon arsenic-rich GaAs surfaces also exists.® Wang
showed that increasing As-surface coverage is associated
with a concomitant decrease in the Al-barrier height to
GaAs. It was also shown, however, that the opposite is true
for Al on AlAs possibly due to the fact that intermixing of Al
and Ga is precluded in the AlAs case. It is likely that Al and
Ga intermixing does not occur for the thick-As layer used in
this experiment and thus, the apparent contradiction can be
explained.

air exposed
oxide

=100 As

20004 intrinsic
Ing 75690 2583

Ay

& AR AT 3 R | L

0.5um n-GoAg 5110' ¢m™3
VIV IIIIIIIIIYNI

7 6, -3
//gspvln/n GaAs 5-104;-“ i
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It might also be possible to associate the reduced current
with a metal-insulator semiconductor (MIS) modet of the
junction. This effect is improbable since the current reduc-
tion is a constant factor nearly independent of the applied
voltage. Experiments to differentiate between various mod-
els of the reverse current transport mechanism are in prog-
ress.

L. Ing ;5 Gag 25 AS~GaAs HETEROJUNCTION

The influence of the GaAs-surface condition on the mea-
sured InGaAs-GaAs barrier height was also investigated.
MBE was used to grow a 0.5-um-GaAs buffer layer on a
semi-insulating substrate followed by a 0.5-um, 5x10'°
cm ™ n-GaAs layer. At this point, four different sample
preparations followed:

1(a) Approximately 100 A of As was deposited at room
temperature between the GaAs and the intrinsic InGaAs,
the latter of which was grown at 200 °C.

1(b) Intrinsic InGaAs was grown on the GaAs at 450 °C.

2(a) The sample was removed from the chamber and air
exposed. It was then reinserted and intrinsic InGaAs grown
at 200 °C.

2(b) This sample was also air exposed. The InGaAs-
growth temperature. however. was 350 °C which should de-
sorb the As oxide at the GaAs surface.’

In all samples. the intrinsic InGaAs layer is 0.2-um. The
samples are schematically represented in Fig. 2. After the
InGaAs growth, 180-um-diam Au contacts were evaporated
onto the InGaAs through a stainless steel mask in a depo-
sition system having a base pressure of } x 10~ " Torr. Prob-
ing between Au contacts before mesa etching the InGaAs
layer yields ohmic behavior indicative of a low barrier con-
tact of the Au to the intrinsic InGaAs. After mesa etching.
the /-V characteristic resembles that of two back-to-back
diodes. Ohmic contacts were formed by alloying In to the
GaAs at 300 °C in forming gas using a rapid thermal an-
nealer. Before measunng the rectifying behavior of the

—~2000 8 ntrinsic
Ing 54 Gop 2efs

it

£,

WOUOUUATRNTAN ‘Q
GaAs buffer

0.5
&\ \\“{“\\\\\\\ AN N
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semi~insulating sudbstrate semi~ing

uloting sudstrote

InGoAs growth Temperature: 200°C

Sample la

onide
Au ~2000 X intrinsic dnor‘b:d

Ing 78 695 2948

InGoAs grow!h Temperoture: 200°C
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FiG. 2. Schematic cross section of the
Ing v Gag ;5 As—GaAs  junctions. Samples
1(2) and 1(b) were grown entirely under
UHYV conditions. Samples 2(a) and 2(b)

~20004 intriasic  gope ar-exposed prior to InGaAs deposition.

Xno 74605 2448

SIS 777777,
/O.Su.m n-GaAs 51016 cm3
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Au was evaporated after removal from the
MBE chamber
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i sample and the air-exposed sample possessing the As oxide i

are nearly equivalent to within the 10-mV deviation in mea-

e, surement. The lowest barrier height is associated with the A
I. air-exposed sample in which the As oxide was desorbed. :
..P
- IV. SUMMARY .

Leakage current in Al-GaAs Schottky diodes has been
< reduced by the introduction of an interfacial As layer. While i
N = this effect does not preclude other models of the metal-semi- -3
o conductor interface, it does support the premises of the effec- -
¥ o tive work function model in which the barrier height reflects ;
" ‘ an average work function of mixed phases and As is believed p
L ﬁ to pin the interface Fermi level. The measured barrier height -
of the In,-.Ga, .« As—GaAs heterojunction has also been
&l L L N J shown to depend upon interfacial As. regardless of the As hy'
sl -08 -oe '°~‘m -0.2 ° 02 o4 phase. Investigation of leakage current reduction not only ;i

; Y lends insight into the interface but may also have practical 3

h F16. 3. I-V charactensucs for In,, -« Ga.. .« As-GaAs junctions indicating a |mpl|c§tlons for thFCShOId voltage control and sidegating in I'g

strong dependence on the GaAs surface condition GaAs integrated circuits. :
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'S Abstract
[

] Bombardment of silicon surfaces by low energy oxygen ions has -
(ﬁ been investigated as a possible process for growing films of .
K~ S$i0; at room temperature. Broad ion beams of energy 40-200 eV |
BN and variable oxygen content have been used to grow ultra-thin .ﬁ
:\ oxides of extremely uniform thickness. The ion beam oxides are )
N~ similar to thin thermal oxides in many respects - composition,

~ chemical binding, optical and electrical properties. The .
- dependence of the thickness and quality of the oxide films on ion .
- dose, ion energy and substrate temperature have been 3
- investigated. The obtained thickness is observed to vary only -
~ slightly with increasing substrate temperature up to 650°C A
;" which indicates non-thermal process kinetics. The ion-beam .
~ oxides reach a limiting thickness of 40-60 & which is largely
s independent of ion dose and is also found to be insensitive to %
\ ion energy. F
' The observed oxidation rates are explained on the basis of b

A radiation-enhanced diffusion and reaction processes. Limited Ny

N thicknesses are observed even when sputtering is negligible »

. because of the decreasing effective penetration of the ions due
e to the swelling of the target which accompanies the conversion of "

Si to Si0;. Thus the film grows until the oxide-semiconductor -3

N interface moves beyond the current ion penetration depth after -4
o which oxidation effectively stops. This model is equally Z
A applicable to high-energy high-dose oxygen ion implantation for :
Tn production of buried oxides in SOI technology where it is -

observed that oxide growth occurs predominantly at the upper )
. interface. .
-
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1. INTRODUCTION

Further advances in the development of high dcnsity
integrated circuits (ICs) will require scaled down Gevice
dimensions, closer device packing and a greater number of
fabrication steps. These in turn require reduced 1C fabrication
thermal budgets and, in the case of metal-oxide-scmiconductor
(MOS) devices, thinner gate dielectrics. The trend toward
larger substrates places an additional requirement on the lateral
uniformity of the gate oxides. The problem of obtaining high
quality thin films of SiO, at reduced temperatures has been
approached from two directions - oxide growth and oxide
deposition. These differ in the type of material being suprlied
to the substrate - oxygen only or both oxygen and silicon. Both
approaches rely on the use of some form of energetic species to
enhance the low oxidation rates typically observed at reduced
temperatures. Successful fabrication of MOS devices has been
reported for gate dielectrics grown by plasma oxidation at
500-600°C 1,2 and deposited by rf sputtering at
200-300°C 3. vVery thin SiO; films of high electrical
quality have also been deposited by plasma enhanccd chemical
vapor deposition (PE-CVD) at 350°C 4. MOS transistors have
been fabricated using very thin gate dielectrics grown at 25°¢
by ion beam oxidation °.

Due to the spatial separation of the plasma producing region
and the sample, ion beam oxidation permits independent control
over ion energy and ion flux, substrate temperature and angle of

incidence. These in turn permit detailed study of the influence
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of the different process parameters on the obtained oxides, the
results of which may be extended to rf oxidation.

The electrical characteristics and other properties of the
very thin oxide films grown at room temperature by ion beam
oxidation have been reported previously 5,6, Briefly, these
showed that ion beam oxides are similar to thermally grown Sio,
films of equal thickness in many respects. They have almost
identical Auger sputter profiles except for the apparently
sharper interface of the thermal oxide. X-ray photoelectron
spectroscopy at glancing detector angles indicated the presence
of lower oxides of silicon at the film surface. The most notable
difference between thermal and ion beam oxides is the 2-3 orders
of magnitude greater leakage current in reverse bias for the
latter. However, this leakage was another three orders of
magnitude lower than the drain-source saturation current and thus
did not degrade MOSFET performance 5. In this paper we will
discuss the dependence of the oxide growth kinetics on the ion
bombardment conditions and will propose a mechanism describing

the oxidation process.

II. EXPERIMENTAL

The test vehicles are (100) silicon wafers, S-cm diameter,
polished on one side. Both p-type and n-type wafers of
resistivity 2-5 f'cm are used. The samples are prepared by
chemical cleaning and the growth and stripping of two thick
900°C oxides after which they are loaded into the ion beam

processing chamber. 1Ion beam oxidation is performed using a
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single-grid broad-beam ion source, described previously 7. The
source operates on a mixture of argon and coxygen. It was found
that a 1:1 Ar:0; ratio allowed both good control over source
operation for extended periods of time and led to the production
of oxide films on the substrates. After unloading from the ion
beam processing chamber the thickness of the obtained films is
measured with a Gaertner L1117 ellipsometer using a He-Ne laser.
The thicknesses measured by ellipsometry correlate well with
those obtained by Auger sputter profiling, calculated from the
ratio of the XPS Si Zp peaks or calculated from the capacitance-
voltage characteristics of MOS capacitors €. The oxide
thickness was calculated from the ellipsometer measurements with
the standard a priori assumption of the refractive index
necessary for ultra thin films. The index of refraction used is
that of thermal SiO,. This is justified by the aforementioned
similarity betweer. the two types of oxides, further illustrated
in Fig. 1 which compares the unprocessed ellipsometer parameters
t and § . The solid line shows the evolution of &4 and  for
thermal oxides of increasing thickness grown at 875°C. The
numbers represent ion beam oxides and correspond to the oxygen
ion dose received during the exposure. The ion beam current
density was 135 uA/cm? which corresponds to a flux rate of
5x1016 0/cm?:min. It is clear that the two oxides evolve

along essentially the same lines pointing further to their

similarity.
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I1I. RESULTS AND DISCUSSION

The dependence of the obtained ion beam oxide thickness on
oxygen ion dose is presented in Fig. 2. The silicon wafers were
bombarded by a 60 eV ion beam containing O, and Ar in a 1:1
ratio. The substrate temperature was monitored by a
substrate-holder mounted thermocouple and is 25°C. The figure
shows that there is an approximate logarithmic dependence on the
oxygen jon dose though the scatter in the data is more pronounced
at higher doses. This scatter is attributed to instabilities in
the ion source which become more important at the long exposure
times necessary to achieve higher doses. 1t appears that the
n-type wafers oxidize somewhat more slowly than the p-type
wafers, however, the differences are within the experimental
uncertainty. It has been observed previously that the ion beam
oxides exhibit very good thickness uniformity over the surface of
the wafer even though they are grown by an ion bear which has &
peakéﬁ gaussian-like profile 5. This insensitivity to oxygen
ion dose was attributed to the attaining of a self-limiting value
of the thickness. While it is now clear that such self-limiting
behavior is not being obsérved, it is also clear that the growth
rate at high doses is sufficiently low so that even two-fold
increases in the ion dose would lead to the growth of only about
a monolayer of oxide.

Self-limiting oxide growth has been observed in the case of
rf oxidation of lead & and ion beam oxidation of nickel 9.

It is attributed to the achieved balance between the competing

processes of oxidation and sputtering. The oxidation rate is
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initially large and decreases with increasing film thickness
whereas the sputtering rate is independent of oxide thickness.
Thus the oxide growth will stop at a thickness value at which the
two rates become egual.

It is expected that self-limitation will occur earlier at
higher jion beam energies where sputtering is more pronounced.
That is indeed the case as shown in Fig. 3. The samples are
bombarded with a 100 eV jon beam with a 1:1 O,:Ar ratio at
25°C. 1t is seen that at higher ion energies higher initial
oxidation rates are observed. This is probably related to the
greater depths at which the ions are stopped and the increased
probability that they will be retained in the target. The
oxidation rate then decreases more guickly than for 6C eV ions
and appears to exhibit self-limiting behavior.

Tc investigate the importance of beam heating of the

.'_ )
-

-
"\
ot
o
.
)

-

g .

substrate during ion bombardment several samples were oxidized at

o 1

different oxygern dose rates leading to the same received dose.
The ion flux at the substrate was varied by changing the source

discharge power or by changing the source-to substrate distance.

Y e A

No differences in the properties of the obtained oxides were
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Observed.
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The substrate may be intentionally heated up to 650°C by
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¢
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means of resistive heating of the substrate holder. The obtained

r

oxide thickness for fixed ion beam conditions is observed to
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increase with increasing substrate temperature. However, this
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dependence is rather weak, especially considering the large
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-

temperature range. Presenting the data in an Arrhenius plot, as
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shown in Fig. 4, allows the extraction of an activation energy
Eact for the process. Here the oxidation rate dependence has
N been approximated by x = C 1lnt, where t is the oxidation time »
Y »
- and C is a constant which is assumed to depend on the temperature L
N ¢
o T in the standard fashion: C = Coexp(-E,-t¢/kT), where k is 2
y the Boltzmann constant. Note that the data is largely B!,
- 3
) independent of ion dose. The slope of the obtained straight line
(¥ ‘e
[~ allows the determination of Ea.y = 7 meV. For comparison the A
N activation energy of the linear rate constant B/A defined in ‘
i : . .
N thermal oxidation of silicon is 2 ev 10, Clearly, oxidation
i "
7 . due to ion bombardment relies on non-thermal mechanisms of 2
o enhancing the diffusivity and reactivity of the oxidizing X
o 5]
- species. 2
E The observed oxide thicknesses correlate well with the f
o« expected oxygen ion projected range, accounting for the volume ~
i' ;\
. expansion which accompanies the conversion of silicon to Sioz. t‘
e b
N Thus, the obtained thickness may be expected to increase at %
*' -
) higher ion energies. The dependence of oxide thickness on ion :
1i energy for a fixed oxygen ion dose is shown in Fig. $ for beams o
i with a 50% oxygen content. The lack of a trend over the covered 3;
- o
fia}
energy range is evident. It is difficult to imagine that the .
l;' e
“ increased oxidation rate is exactly counteracted by an equal ;
‘{ increase in the sputtering yield unless both processes are 3
- governed by the same mechanism.
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= IV. PROCESS MODEL
~ Previous models of low energy ion beam oxidation of metals
;h describe the oxidation process in the absence of sputtering as v
f? decreasing exponentially with increasing exposure time 9, j
'1 However, this model is carried over from the process of rf .
;ﬁ? oxidation of metals in which a self-biasing of the oxide layer is E
”ﬁ observed 8,11 and does not account for the fact that the 3
d oxidizing species are actually deposited below the surface and
EE are distributed throughout the film. Also ;t does not explain é
5; the observed enhancement in the oxidation rates over thermal E
% oxidation processes. .
:E It is considered appropriate to view low-energy ion bear ?
%S oxidation of silicon as a scaled-down version of the high-energy E
ﬂ; high-dose oxygen implantation processes used for obtaining buriegd ;
‘g; layers of $iO; in silicon-on-insulator (SOI) technology. The ;
;§' models Cdeveloped to describe this process introduce enhanced g
?c effective diffusion constant and reaction rate and alsc take intc !
:f account the swelling of the target 12,13, These models, -
'E however, neglect any spatial dependence of the enhancement and o
; lead to the prediction of preferential growth toward the k
,i; substrate 12, It has been observed that the growth of the E
;; buried oxide layer takes place mostly at the top v
:ﬁ interface 14,15 Tne preferred oxidation upwards has been 2
attributed to the different fate of silicon interstitials at the K
5 two Si-S5i0, interfaces 16, The interstitials which are ;
‘? emitted during the oxidation process can recombine at defects or %
7 at the surfaces of the wafer. Due to the much larger distance to A
7 3
. .
": 8 4
" s
o 3
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the back surface, the interstitials at the bottom interface are
practically fixed and serve toc block the oxidation process 16,
We propose an important modification to these models. While
it is clear that sputtering and oxidation compete for domination
in these processes, the explanation of enhanced oxidation in
unheated substrates is considered unsatisfactory. It is proposed
that the enhanced reactivity and mobility of the oxidizing
species are due to the ion bombardment. Thus, at any time,
oxidation is taking place only at those depths which are
currently being reached by the ion beam. The swelling which
accompanies the conversion of silicon to silicon dioxide
effectively prevents later ion arrivals from reaching the same
depths in the silicon. Moreover, it is difficult for ther tc
diffuse deeper into the substrate after they are stopped since
their diffusion is enhanced only in the region in which the ions
are depositing energy. In other words, it is important tc
recognize that the effective process rates are spatially
dependent. Because of the volume expansion this spatial
dependence means that the oxidation rate at the oxide-
semiconductor interface is time dependent and oxidation at the
lower interface will stop when a sufficient portion of the
substrate has been converted to SiO,. Note that the concept of
a temperature increase due to thermal spikes or beam heating is
not necessary for this treatment. Enhanced mobility and
reactivity may be due to other beam related processes like the
Creation of excess numbers of defects in the vicinity of an atom

or the transfer of excess energy to the atom in a collision 17,
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4 The proposed model accounts for the enhanced oxidation rates ::
~ s’
» observed for unheated substrates under ion bombardment. Also, it ,
L ek v
B accounts for the insensitivity to substrate temjperature observed G
4;* . . . | &
o in experiments on low energy ion beam oxidation of silicon. e
’ Further, it naturally explains the limited thicknesses observed -
{
‘ﬁ with this technique even in the absence of sputtering. The model R
L] “~
" is simply extended to the preferred growth toward the top surface .
. o
of the wafer observed in the case of buried oxides produced by )
- -
¥} high energy oxygen implantation. A qQuantitative evaluation of t
P \
42 the process parameters based on this model will be published t
N !
p RS,
- separately 18, ‘
it
'
Y
-\ R
O V. CONCLUSION R
W In summary the bombardment of silicon surfaces by low energy
t. oxygen ion beams is observed to lead to the growth of ultra thin f
‘.' KY
5 films of silicon dioxide. The oxide growth is self-limitinc due Y
£ 8
\V to the competing processes of oxidation and sputtering. Limited ~
. thicknesses are also observed in the absence of sputtering. The i
~. oxidation process is explained in terms of beam-enhanced "
)"~ A
; reactivity and mebility of the oxidizing species. The importance 4
. of recognizing the spatial limitations of the enhanced oxidation .
" -
3 process is stressed. The explanation of the process is extended oy
£ -
1ﬁ tec buried SiO; layers produced by oxygen implantation. z
< "
o, .
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FIGURE CAPTIONS ~d
Pt

1

(]
b Fig. 1. Comparison of the evolution of thin 875°C thermal E’:,::
: (solid line) and 25°C ion beam (numbers) oxide £ilms. E‘,’:
g ..!
The numbers correspond to the exposure in minutes to a 60 L

N

eV ion beam of 1:1 Ar:0, content and an oxygen dose :;’.

rate of 5x1016 cm™2min-1, o
» ; ;

)
. N N . w VLY
Fig. 2. Ion beam oxide thickness as a function of oxygen dose.

Ion energy: 60 eV. Beam oxygen content: 50 §. Substrate E’\-

! )
. ~ temperature: 25°C. [J - p-type silicon; B - n-type :i
silicon. ::

N
A

.t_n

\‘.r
Fig. 3. Ion beam oxide thickness as a function of cxygen dose. R

_ '

Ion energy: 100 eV. Beam oxygen content: 50 %. «f‘v

e

Substrate temperature: 25°C. E';'-

o>,

]

Fig. 4. Arrhenius plot for logarithmic ion beam oxidation rate W
‘.}_\
constant. 1Jon energy: 60 eV. Bear oxygen content: :':::
[ S0 %. [ - O dose: 1.3x1017 em=2. Q - 0 dose: :'.E:_
2.7x1017 em=2, '«

~

D\.-

b P
Fig. 5. lon beam oxicde thickness as a function cof ion energy. ;:':
-~

Beam oxygen content: 50 $. Substrate temperature: !_

25°c. DO - O dose: 3.0x1017 em—2, Q - 0 dose: ::::
5.3x1017 em~2, NN
N
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SPUTTERING OF SILICON DIOXIDE NEAR THRESHOLD
S.S. Todorov®) and E.R. Fossum
Department of Electrical Engineering and
Columbia Radiation Laboratory
Columbia University

New York, New York 10027

Abstract

The sputtering rate for silicon dioxide by argon ion bombardment
at energies appropriate for ion beam deposition (< 100 eV) has been
measured. It has been found that the energy dependence of the oxide
sputtering rate at these low energies is easily predicted by assuming
the vield is limited by the metallic component of the bkinary target.
This assumption 1is shown to also predict‘the sputtering rate of other

metallic oxides.

d)permanent Address: Institute of Electronics, Sofia, 1184 Bulgaria
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Bombardment of growing thin films by low energy ion beams has

evolved into an important technique for the modification and
deposition of thin films. Ion beam etching and reactive ion etching
have achieved widespread application. More recently, the use of
lower ion energies has led to the development of direct ion beam
deposition applied to low-temperature epitaxial growth of Si and
Gel-3, Oxygen and nitrogen ion beams have been used for the
controlled growth of ultra-thin oxide and nitride films on metal and
semiconductor substrates4-7.

These techniques allow good control over the compositicn,
stoichicometry, orientation and crystallinity of the obtained films.
The basic factor which limits the film growth rate in ion beam
deposition is the sputtering due to the ion bombardment. The growth
rate can be approximated by dx/dt = (1/N) (?&-Y& ), where N is the
density of the material, *? is the sticking coefficient or
incorporation probability, Y is the sputtering yield and § is the
icen flux. For depcsition to take p;ace it is necessary that Y <Y%.
In the case cf ion beam oxidation, it has been observed that a
limiting oxide £ilm thickness is reached which is related tc the
sputtering rate of the materiald.7. It is evident that sputtering
plays an important role in film growth by direct ion bombardment.

In this letter we report experimental results of sputtering of
SiC,; by Ar ions at energies below 100 eV. Accurate knowledge of
the sputtering rate and its energy dependence at these low energies
is becoming increasingly important in microelectronics device
fabrication processes. The use of inert-ion bombardment precludes
film growth and allows the separate investigation of the sputtering

compenent of the depcsiticn prccess. It is shown that a simple
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assumption leads to good agreement between existing theory for

non-binary materials and the reported measurements, not only for the
case of silicon dioxide but also for other oxide targets.

The experiments are performed on samples prepared by oxidizing
chemically cleaned p-type and n-type Si (100) wafers in dry oxygen at
900°C for times ranging between 10 min and 3 hrs and resulting
oxide thicknesses of 45 & to 520 . The thickness of the oxide films
is measured with a He-Ne laser ellipsometer immediately before
loading them into the ion beam processing chamber. The samples are
mounted 15 cm frem the ion source in a vacuum chamber with a base
pressure of 2x10”7 torr. Broad Ar* ion beams with energies in

the range 40-100 eV are produced by a single grid Kaufman ion

source. The SiO; samples are bombarded with argon doses ranging ;’
from 1x1017 to 1.6x1018 cm~2. The thickness of the remaining %3‘
oxide is remeasured by ellipsometry after the samples are unloaded E;
from the vacuum system. The accuracy of the ellipsometric data is Ei
approximately 1 %, and although it may be distorted by damage to the EE
‘v
substrates, this is not expected to be significant in this case. E;;
For example, measurements on substrates in which the oxide has been :S
completely sputtered away indicate a "residual" £ilm thickness of ;
3-5 &, attributable to a monolayer of native oxide grown after the .
substrate is removed from the vacuum system. ;
The measured change in oxide thickness is plotted as a function E;E
of the icn dose for each value of ion energy. Six to ten different ;2
data points are plotted for each energy and the value of the if'
sputtering yield is determined from the slope of the least-squares %&
fit throcugh the data points. The data for the case of 60 ev art :E;
bombardment is shcwn in Fig. 1. The thickness decrease with :?
- 3 - .
)
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3
o
N
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increasing ion dose is linear and independent of the initial oxide

.

thickness.
The measurement of the sputtering rates at energies close to the

sputtering threshold is difficult to measure due to the relatively

low yields involved. For example, Oostra et al.® did not observe
any sputtering of SiO,; at argon energies less. than 50 eV when

examining scanning electron micrographs. It is believed that the

| WLEAAANE e,

n g
-

method used here allows significantly more precise measurement of the

o,

sputtering rate, and material removal has been observed at energies
as low as 40 eV,

The experimental results on sputtering SiO; by Ar ions are
summarized by Fig. 2., where they are compared to the experimental
data of Jorgenson and wehnerl® and the higher energy data of OQostra
et al? Note that although widely cited, the data of Jorgenson and
Wehner is obtained under quite different experimental conditions with

the oxide film covering a thin tungsten wire immersed in a DC

t
i

discharge.
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Theoretically, the sputtering of monatomic targets is well

E R o
5 Y

understoodll and good descripticns of the sputtering yield near

—pr
5

threshold can be obtained by semi-empirical formulasl2-14 which

>

introduce modifications of Sigmund's theory to account for the

P

existence of a sputtering threshold. Very good agreement with

experimental data is generally observed.

AR

r

The sputtering process for multicomponent targets 1s more

F ]

»
x
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difficult to describe. The collision cascade preocess will affect

each target component differently. Apart from causing the eiecticn

of atoms from the target surface, the jion bombardment may alsc lead

(ffr‘ll

AR

ts target mixing, segregation, enhanced diffusicn, and other
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processes.l> Thus, the correct description must take into account

o
the changes in composition of the target brought about by the ion ES;
bombardment and how these changes are reflected in the sputtered Esf

-
particle flux. This discussion will concern only the sputtering of ?D
oxides; the behavior of compounds or alloys consisting only of Eﬁ;
low-vapor pressure materials may be quite different.l6 Ezi

In this letter, the simple assumption is made that oxygen is ;f.
initially preferentially ejected and that the non-volatile component Eg.
(silicon) limits the sputtering process. This assumption is ﬁg
supported by prior experimental evidence that the sputtering of fc“
metallic oxicdes by low energy (<1 keV) ions leads to the enrichment ;Eﬂ
of the metal compcnent within several monolayers of the surfacel6, g:f
This effect is expected to become especially pronounced at energies f?‘

~near the metal sputtering threshold, in agreement with the general i%j
observations on sputtering of binary targets whose components have glf

,
different sputtering threshold energies.l3 iﬁ'

Further support for this assumption comes from previously Ej:
reported experimental data concerning the sputtering yield of Ta and SEE
Ta205.17’20 Our assumption ceorrectly predicts that the removal :2?
of equal numbers of tantalum atoms leads to a 2.48-fold decrease in gf}

ey
the volume of Ta;0g as compared to Ta, for 100 eV Ar* and :E::

Ao
500 eV He' bombardment. This ratioc degrades with higher f?:
bombardment energies since the ejection of the material takes place 35“

~OUN
from a layer whose compositicn can no longer be approximated as pure ;5:
tantalum. ;ﬁi

Applyving this assumption to the case of low-energy argoen %ﬁ$
sputtering of silicon dicxide leads to similarly correct EES
predicticns. he removal of the same number of silicen atoms will §§}.
decrease the volume of a SiC; sample 2.21 times the change in the Qﬁ'
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volume of a silicon sample. Thus, using the sputtering yield of v
\.':
silicon calculated according to Matsunami et al.l3 with the ..
.
Y g
threshold energy E.y = 27 eV as suggested by Yamamura and t;
)
Bohdansky14 leads to excellent agreement with the experimentally oS,
"l .
obtained data, as shown in Fig. 3. The inadequacy of the assumption tﬁ’
v
s
at higher energies is pointed to by the slight deviation of the data o~
. -
from the predicted curve. -
In summary, the sputtering yield of SiO; under low energy argon N
.
ion bombardment has been measured in the range 40-100 eV. An ;;*
assumpticn for understanding the energy dependence in terms cf low L.
v
-
energy silicon sputtering with a simple volumetric rate adjustment Y
[Py 0
leads to excellent predic<tion of the experimental data. The 3”
assunrticn has been extended to predicting other cxide sputtering '
rates with equal success. ﬁi
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;s The self-limiting oxidation of silicon by a low energy ion beam K
... {40-12C eV) is described by an implantation-sputtering model. The X
‘S thin oxide (40-50 %) is grown primarily by a surface implantation E
ff process which leads tc a logarithmic increase of oxide thickness with E

dose in the absence of sputtering. At higher energies (100 eV), the -

o

i sputtering of the growinc filr leads tc ret self-limiting growth. *
- »
ﬁ' The moZel, which does nct include adjustable parameters, is used tc ;
]
i describe the dose evolution of the oxide growth as a function of bear -
." »
-'| . » - . . -
;. energy. The implantation-sputtering model is found to be in .
- AN
‘. . . . kS
‘- excellent agreement with experimental observations. .
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The room temperature oxidation of silicon by the use of a broad,
low-energy ion beam containing a mixture of argon and oxygen has been
shown to produce an oxide suitable for use as a gate dielectric in
metal-oxide-semiconductor (MOS) transistors.1:2 The ion beam
energy is typically in the range of 40-120 eV with doses of the order

1017/cm2 delivered in 3-5 minutes, leading to oxides of thickness

40-50 ¥. The oxides are found to be stoichiometric $i0; as

measured by Auger electron spectroscopy and x-ray photoelectron
spectroscopy. The thickness of the films is measured after growth
using several techniques - the primary one being ellipsometry3.

The film thickness has a weak dependence on substrate temperature irn
the range 25°C-650°C, on dose, and beam energy.4 Thne oxide
thickness uniformity as measured by test sites across a wafer is
excellent and far exceeds the dose uniformity. This letter presents
an implantation-sputtering model to describe the oxidation process.
The mode. predictions are 1in excellent agreement with the above
experimenta. cbservat.cns.

In the implantation-sputtering (I-S) model, the oxide growth is
governed by a surface implantation process, rather than by thermal
diffusion. This is in contrast to a previous model suggested for the
low-energy ion beam oxidation cf metals.> The range distribution
of the oxygen ions in the target is calculated using linear cascade
theory.6'7 Energy loss occurs entirely by elastic binary
collisions with the target nuclei. The target is treated as
homogenecus, isotropic and mcnatomic with target-atom mass and atom:cC
number determined according to Bragg's rule and taking into account

the gradual transformation of the target from silicon to silicon
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dioxide. The interatomic potential used is the universal

potential.8 Power-potential approximations7 obtained by a
least-squares fit to this potential are used to allow analytical
solution. Thus, m=1/5 is used to fit the potential at reduced energy
in the range 10-3-2x10"3. The mean and the straggling of the
distribution are calculated and it is fitted by a simple Gaussian.
The results of this calculation in the case of 50 eV O bombardment of
Si0, are presented in Fig. 1. This corresponds to the case of

100 eV O, ion beam bombardment. It should be noted that while the
mean range is predictably small (approximately 5 &) the straggling is
s:ignificant. It 1s this straggling tail which governs the oxide
growth evolution.

In the I-S model, the oxide growth competes with the simultaneous
sputtering of the oxide film by the same beam. Since the experiments
are primarily performed with 5C%~50% argon-oxygen mixtures, the
sruttering of the target 1s due mainly tc the argen bormbardment. The
sputtering rate of SiO; under low energy argen ion bombardmernt has
been measured in a separate set of experiment59 and the results are
shown in Fig. 2. Sputtering at 60 eV can be considered negligible
for the oxide thicknesses considered, but becomes appreciable by
100 eV,

A computer simulation of the oxide growth evolution has been
trerformed using the I-S model. The incorporation of oxygen into the
target and the conversion of Si to Si0,; is accompanied by volume
~Xpansion. To account for this, the evolution of the oxide layer is

alculated in small time {(oxygen dose) increments. The range

‘s stributicn 1s recalculated for each time interval. It is assumed
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that the implanted oxygen reacts immediately with unreacted silicon,
since the former may be considered "hot" in the last stages of
stopping. However, oxygen coming to rest within stoichiometric
Si0; is assumed to outdiffuse to the surface. 1In thicker oxides,
consideration of a spatially dependent diffusion coefficient may
become necessary in view of the depth dependence of the beam energy
deposition and consequent defect production.

The stoichiometry of the £ilm as a function of depth for
increasing dcse is shown in Fig. 3 for the case of 100 eV 0,
bombardment. An interesting feature of the evolution'is apparent.
It is seen that the interface between oxide and silicon is initially
broad, but as the surface erodes due to sputtering, the interface
becomes more sharp. The width of the interface explains electrical
characterization results, such as lower channel mobility in ion beam
oxide MOS transistors, and anomalously larger capacitance-voltage
measurements of oxide thickness.i®

The simu.ateld dependence of the oxide £ilm thickness on ion dose
for 100 eV bombardment is presented in Fig. 4 where it is compared to
experimental results. Since the experimental data is obtained by
ellipsometry, the simulated thickness is determined in two ways. 1In
the low dose case where no stoichiometric oxide has been formed, the
thickness is plotted according the position of the steepest gradient
in oxygen concentration, which is approximately halfway through the
transition regicn. For higher ‘doses, in which stoichiometric Si0y
has been formed, the edge of the stoichiometric region is used to
assess the thickness. For 60 eV bombardment simulations in which

sputtering is negligible, the film thickness grows logarithmically
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with dose, and is also in excellent agreement with experimental
observations.

The simulated final oxide thickness as a function of ion beam
ehergy is shown in Fig. 5. Also shown is the experimental data,
which shows good agreement. Note that the experimental and simulated
data show a maximum in thickness for the 50-60 eV energy range. The
maximum is a result of the competing processes of implantation and
sputtering. The calculated thickness for 140 eV bombardment is lower
than the experimental data due to an overestimation of sputtering in
the I-S model. The low energy ion beam sputtering model of oxides
assumes that sputtering of oxygen is not rate limiting - an
assumption which begins to fail at higher energies.9

In summary, an implantation-sputtering model without adijustable
parameters has been presented fcr the low energy ion bear cxidation
0f silicon. The model explains the weak dependence of oxide
thickness on temperature, energy, and dcse. The excellent agreement
betweer. similatiorn and experiment allows the impertant conclus.on
that linear cascade theory and the binary collision approximation
continue to be applicable at these low ion energies.

The authors gratefully acknowledge useful discussions with D.V.
Rossi at Columbia, J.M.E. Harper at IBM Research, and the support of
the Joint Services Electronics Program under contract DAAGIZI9-85-K0049

anéd an IBM Faculty Development Award.
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Sputtering rate for low energy argon ion bombardment of silicon
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dioxide. Rate is measured in angstroms sputtered per dose of

1017 incident ions per cm?.

Simulation of oxide growth evolution. Plot shows bonded oxygen

concentration as a function of depth for 100 ev 0;% ion

bombardment. Numbers refer to increasing doses.
Oxide thickness as a function of dose measured experimenta..ly anc
simulated using the implantation-sputtering model for 100 eV

O0-% bombardment.

Oxide thickness as a function of ion energy measured

experimentally and simulated using the implantation-simulation

model. O; dose: 3x1017 cm'z.
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USING INCOHERENT LIGHT TO GENERATE COHERENT EXCITATIONS

; S. R. Hartmann ™
o Physics Department, Columbis University, New York, N.Y. hy
kN
! ABSTRACT Y
R u"
" Photon echo generation by incoherent light is both practical and efficient. In the s
. regime where the noisy excitation pulses overlap fast transient response is obtsined and in ! )
addition psec besting is observed in Na vapor, the latter erising from coherent superpasition ;,
. states associsted with the D Jine transitions. Only the fast response requires broadband noisy -~
. light: ultrefast modulated echoes are produced with either broadbsnd noisy light spanning the N
D line transitions or with & pair of narrow band lasers resonant with each of the D line iy
transitions.
I 3
INTRODUCTION 3
X ,
» The photon echo effect is normally thought of as 8 coherent effect brought about by e
L o the interaction of T‘ ensemble of atoms or molecules with s sequence of laser puises which i
must be coherent. ' This notion is not altogether correct as was demonstrated in ‘84 when an b

- echo experiment was performed with the2u5u51 coherent leser sources replaced by brosdband ..
- smplified spontaneous emission sources.< Not only was it possibie {o generate echoes in this \

- unorthodax manner but the echoes so produced were 1arger than those obteined using coherent 8~
- leser pulses. Ny
) Although ususlty not explicitly stated it is understood thet the lsser excitstion Ny
‘ pulses must be resonant with the optical transition to be excited. A fuller sppreciation of this M
obvious requirement leads to sn understanding of the unexpected effectiveness of echo .
w generation with noise. With this motivation we ask the question: What constitutes resonant e
M radistion? For the case in which all homogeneous relexation times are long compared to the g
laser pulse width and the Jasers are weak so that power broadening is negligible, then all ;-;.
. stoms within 8 bandwidth Aw = 1/1,, where 1, is the duration of 8 coherent laser pulse st -
, frequency w, interact strongty with ehe radiation field. Outside this regime the interaction -
falls quickly and can therefore be called nonresonant. A stronger statement than this can in
! fact be made which is that the interaction strength within this bandwidth is uniform. That is, 4
y an stom at exact resonance and one removed by Aw from exact resonance experience a pulse ",;_
with the same ares 6. But our interest is with incoherent radiation pulses. We now note that if -
N such pulses have s durstion T, then any radistion sampled for that duration and lying withina N
. bandwidth no grester than Aw = 1/T, from exact resonance must appear coherent. This is an =3
uncertainty arqument result. It folloﬁs that any particular atom sees the applied incoherent =
laser field as a coherent one. {t also follows that all atoms within the comman bandwidth Aw ¢
] see the same coherent field and behave ss a coherent group. With these results it is clear that I
! echo praduction with incoherent light is to be expected. Each group of atoms within 8 ';
K _ bandwidth Aw acts &s 8 unit. If 4, is the coherent dioole moment density of one such ur:* -
the ragiated intensity | of the stom ensembiie varies as N pa:ﬁi where N1s alizac, the ::
number of units withit (he linewidth A0, 4
; Echo experiments on the Na D lines in Na vaper using single mode coherent 7 e
" nanasecond laser puises can only excite the fraction Aw/Af = 1/30 of the resonance Tine. o
‘ Incoherent echo generation gains us a factar of 30 by utilizing all the atams in the resonance "'
; line. The statis}ical nature of the incoherent light leads to a reduction to 33% in the average N
. veiue of £, but the overall advantege of using incoherent light in this situation still .
. correspongs to & factor of ( 1/3)(30) or 10. in the echo experiments we had performed using A
\ ‘ i
3 \‘ .




coherent light the lasers ran in severs] mades and so we only achieved an enhancement factor
of 3 when incoherent sources were used We constructed the incoherent sources by taking
ordinary dye lasers and removing all elements which might define 8 cavity. Over the region
where these incoherent sources lased, their output wes effectively thermal.

FOUR WAYE MIXINOG

The object of these experiments was to establish thet echo generstion by incoherent
light wes both passible snd practicsl. As an adjunct to this work a four wave mixing signal wes
developed in Na vapor at & temperature well above 445 K with temporelly overlapping pulses
from 8 single intense incoherent laser ( thermal) source. The source output wes split to

produce two separate pulses we Isbel 1 end 2 end then recombined efter introducing an optical
A delay. The result is shown in figure 1.! When the delay between pulse 1 along k_and 2 slong
o< k + K exceeds the 7nsec duration
of these pulses the resulting four
= weve mixing signal along k + 2K
RN is just the ordinary photon echo.
Tef The data we show here goes only to
N Y S the 7nsec limit. The purpase of
z . this experiment was to show that
» Ser L no well defined laser modes existed
NEL R in our emplified spontaneous
y g, emission laser source. Had they
’ [ : been present there would have
. = been a beat structure on the four
- T, wove mixing signal. The repid fall
0. 1.0 2.0 3.0 4.0 5.0 6.0 7.0 in intensity for negative T occurs
Delay Between Pulse ! and Pulse 2 (nsec) in the order of 8 100 psec. For
. FIG. } Four-wave mined signal, generated by use of positive T there is a signal fall off
. one thermal source, as a function of pulse separation. - with & time constant of the order of
¥ The absence of any large-scale beating demonstrates thal 8 few hundred psec followed by a
- there 1s no stable mode structure 1n the thermal excita- siower fall off due to the
N non pulses diminishing of the temporal
s overlap of the excitation pulses.
N At the tirge of this work parailel experiments were being carried out by Ya)ima et
S 013 and Asaka et 817, The time delayed four wave mixing experiments of Yajima et al. used
Z picosecond noise pulses and the experiments of Asaka et al. used 8 noisy cw laser. |n both these
Y cases the leser excitations were wesk and a perturbation theory was suitable.
i in an effort to understand better the interaction of ngisy light with matter we
proceeded to study four wave mixing with intense radietion fields.® We further broadened the
g spectral width of our incoherent source, and reduced the temperature of the Na vapor to 445 K
- s0 thet collisiona) brosdening effects were negiigeble. We found that 8s had been reported by
. Ysjima we obtained beats in the four wave mixing signal whgn we varied the time delay T.
These bests correspond to the 6 A splitting of the Na D lines © Wheress our incoherent echo
experiments were performed using light with a bandw1dtn of only 8 few GH2 our four weve
mixing experiments with intense fields had & bendwidth of 12 A, sufficient to excite both D
lines. Our results are shown in figure 2.° These results sre similar to those of figure! except
: for the dramatic 1.9 psec beating. The fast fall off in intensity S for positive T wasg‘t expected
. as we now worked in 8 collision free regime where the result of Morits and Yajima‘, valid
¥ when the longitudinal and transverse relaxstion times, T and T, ere large compared to the
X inverse 1/e half width of the inhomageneous line, Sw™ ', 8pplies, &s was the case in our
‘l
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experiment. Our observed dagradation in S for lerge T is due to laser noise induced relaxation
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0 100 200 300 400 500 600

Pulse Separation (psec)

{a}

Pulse Separation (pesec)

{b)

2. ' Expenmentally measured signal intensity vs exci-

tation puise separation in a 10-cm-long Na cell at 445 K. (b
The same aata for puise separauions of 50—100 psec with error

+ bars and lines connecung the data. The 1.9-psec moduiation 1s
due to the Na 3 P fine-structure beating.

effects and is a subject of
continuing interest.© Qur
discussion here will be limited to
explaining why coherent signals
should be produced by broadband
noise and to what extent the
broadband noise is essential in
effecting a particuler result. We
limit ourselves to the weak
excitation limit and we refer the
reader {0 the work of Morite snd
Yajima for an analytic snalysis of
meny aspects of this probiem.

SIMPLE ANALYSIS

First we present a
simple picture of the time delayed
four wave mixing process. wWe
begin by modeling the incoherent
laser excitation ss a series of deita
function spikes randomly pheased.
The Isser output is divided and
recombined so that the sample is
irradisted with two identical laser
pulses directed slong k andk + K
with relative deiay 1. These two
spike trains are pictured in the
upper peart of figure 3. The lower
pert of this figure shows two
recoil diagrams”. In the upper
recoil diagram the spike along k
preceeds the spike slong k + K
while in the lower recoil diagram
it follows it. In all parts of the
figure the time variable is
synchronized and incresses to the

right. Let's consider the upper recoil diagram. It shows the effect of the first four noise spikes
slong k separately generating exciled state amplitudes which recoil until deexcited by the
corresponding noise spikes aiong k + K. In this menner 8 macroscopic ground state amplitude
with momentum corresponding to -K is built up. The essential thing here is that aithough the
noise spikes in each directed pulse train are randomly phased there is a fixed phase difference
between noise spikes separated by T in the two puise trains. When we consider the effect of a
noise spike along k + K acting on the ground state amplitude the effect is as shown in the
central section of the upper recoil disgram. An excited state smplitude is genersted which
recoils slong k + K and collides T leter with the ground stste smplitude recoiting along -K.
The result 1s the formation of 8 macroscopic dipole moment with wave vector k + K =(-K) =

Vl .. » .*.f‘i'v »
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FIG. 3. Upper section: Two identical laser so|k§ Lr"ains

with relstive delsy T slong k+K and k. Lower ssction:

Recoil diagrams showing signal generation slong k+2K for

positive T (sbove) and for negative T (below). Time
increases Lo the right in all cases.
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' FIG. 4. Recoil diagram showing origin of ground
superposition state modulstion.
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k + 2K in the phase matched
direction in which we look. Each
noise spike along k + K therefore
generates a macrascopic dipole
moment which radistes. Since
these noise spikes are randomly
phased the signal we see s the sum
of the intensities which would be
radiated separately by each of the
induced dipole moment densities.
The picture we have presented
corresponds to & series of
accumulated photon echoes which
combine incoherently to yield the
result expressed sbove in Eq( 1).
The signal falls to half its
assymptotic limit st T = O since
the echo amplitude is fully formed
on application of the noise spike
alongk + K and the contribution
to the time integral of the echo
signal during its formation is not
obtained. For negative T & similar
anelysis using the lower recoil
diagram obiains and the resulting
signal is seen to be best
interpreted as 8 series of
incompleted free decays.

The 1.9 psec bests we
observed can be explained in terms
of the macroscopic ground state
populstion recoiling slong -K
being modulsted at the difference
frequency of the sodium D lines.
Consider figure 4 which shows the
recoil diagram appropriste when
two separate transitions are
excited by the same delta function
spike. £ach excited state amplitude
evolves according to its energy
eigenvalue with the result that the
ground state formed T later has an
amplitude proportionsl to
[exp( -iQ1T) + exp(-iQ'T)] ~
cos{{ Q-0')1/2) where Q and O
are the eigenfrequencies associsted
with the two excited states. As
before, the effect of 8 later spike
aiong k +K is to generate a
recoiling state which collides with
the reformed ground state to
produce sn echo. This ground state
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; having an amplitude which is modulated at half the difference frequency of the two excited
’ states gives rise to an echo intensity modulated by cos{ (Q-0")t]. As can be seen from the
oy figure this is true whether the interrogstion spike which produces the recoiling excited state
(states) is resonent with either of the two trensitions or both. .
N The virtue of the recoil diagram approach is that it provides a graphic picture of the by
W echo formastion or time delayed four wave mixing process. f relaxation processes are -
> introduced then the radisted signal will diminish with incressing T because the superposition .
states will dephase reducing the echo formation directly as well as indirectly through an X
. incomplete formation of the macroscopic ground state. it appeatl'athat this technique may be
2N well suited for the measurement of fast relaxstion phenomena. :
_: ULTRAFAST SPECTROSCOPY WITH NARROW BAND LASERS ;
)
The incoherent echo analysis was motivated by the realization that only radistion A
resonant with & transition will interact with it This observation suggests sn alternative i
N method for generating the psec bests cbserved above. The method is to replace the brosdband .
" incoherent laser whose spectral output covers btitr lines with two narrowband coherent ;
! Jesers each resonant with one of the transitions.” ' The output of these lasers is combined and .
i, treated as a single pulse. We performed a regulsr two pulse photon experiment using reguisr )
¥ ‘ dye lasers with 7 nsec duration pulses. As expected we found that echoes are produced which M
> are in all respects similar to o
- echoes previously produced except L
[/ . r et thet when we vary the pulse <
: ’ © x=c(t-T)  separation T the overall echo b
- intensity veries according to 3
o =x_ +v t cos( (-9 )t]. Thus the psec -
‘ i besting is obtained with narrow e
: bend excitation. This besting is
- ; : observed even when a A
" ' : z spectrometer is introduced in b
N o ¢ . . . front of the detector so that :
"~ 1 2 radistion is detected from only one Ny
- FIG § Space-ime diagram showing excitauion pulses and of the two transitions excited This ::
N an atom traveling at v,. demonstrates that the beating
", I . srises from an interference in the :
'~ common ground state population. -
s This result holds independent of the frequency splitting of the two optical transitions excited. .
s By proper selection of materiais narrow band excitation of bests in the femtosecond and :
04 attosecond regimes is possible. These beats can be observed with slow detectors as the best is .
d present in the integrated echo intensity signal not in the individual echo sigmal envelope. - e
g The echa intensity is caiculated by following a moving stom which is irradated et t .
- and {5. The lasers are not at exact resonance but must both excite the same veiocity subgroup -
5 as we are interested only in the situstion where bests occur. We use 8 + snd - subscript to
- indicate time just before and after the pulse arrival and we list the wavefunction development -4
" as follows: -4
A .
), ty o=, tyo=|ge|er+fed,
[ iy, >=|g +expl-iQ(t-t,))|e>+expl - i0°(t-t)]e>, o
= to_s=jg+exp(-iQ(ty-ty)][e> +exp(-1Q'(t5-t) Nle>, :‘j
N 5
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e e
- . :-r )
LI .
= o
9l :
v ‘ W
i 1%
s to,r=le>+ e+ {expl - 115~ ))ig> eexpl - 10" (1 -t ))lg"), v
o t>tz,>-exp(-i0( t-tz)]le)+up(-19’( t-t5)lle> )
¢ +{expl - i(t5-1))] vexpl - 10" (1 3=t N }i@. G
LS
ot From the wavefunction at t>t,, we calculete the dipole moment of the atom being followed and o
label it with the subscript i: B,
l~
X P,-{upi()[(t-tz)-(tz-t,)]}0[loexp-l(Q'-O)(tz-h)] + CC. -
h The dipole density is then obtained by summing over all stoms, yielding >4
.t -4
X P(x,t)23 Pi(1)8(x-x;-v;t) where 3, - [avg(v). The lineshape is given by
g(v)=(1//2m)( 1 1v Jexp-(v-v)2/v,Z  where v =(A0/0)c is the average velocity of the g
o tnteracting atoms as zgtermined by the cgtuning of the Jaser from the resonance frequency of an ~
.. atom at rest, the quantity v =(ID/‘t W is the spread in velocities covered by the laser pulse )
N whose duration is 1, The rédisted fifld fFom those stoms moving at v; is obtained from ]
. E~JaxP(x,tex/c) ~3;Pilte(x;evit)/(c-v ). :g
¥ The relationship between the various parameters is displayed in figure S and used to evaluate P, '
o to order v;/c. This done we can obtain £ and the correspoanding integrated intensity which we ‘.
A write as ]
» RS
o,
2  ttlegng~ 1 + expl(- 1/ 1vp(2-2)/¢) Zoosl (2-0')T(1 + vg/c)) *
" Since the modulation is observed onty when both lasers sre simultaneously resonant on the same 7.
) _ stom the Doppler shift occurs only in the difference frequency. In the limit that the lasers are ; _
! multimode and the mode density is dense then the response becomes Doppler free and is given by
~ - ‘- 2 2 2 -0 :::
- [t lgeng~ 1 + exp{-(1/4)U(@'-Q)/c}<(vp<+v ¢/2))eos( Q-0 )1} 2
) where vp, is the Doppler velocity. The term involving vry degrades the echo in Ne with & time ’
» constant of 400 nsec when the Na tempersture is 410 K. This 1s the dominant relaxetion term <
e after lifetime relaxation and only becomes important when the time between the first excitstion e
- pulse and the echo exceeds 50 fluorescence lifetimes. e
7 CONCLUSION NG
L
It has been demonstrated that incoherent or broedband light is suitable for ~
geneating photon echoes and for performing time delayed four wave mixing experiments. The Y
broadband character of the light makes it possible to excite a wide spectrum of resonsnces. -:
This is useful when relaxation brosedening is important. The simplicity of the technigue makes I
it s promising tool for the study of fast relaxation processes and wide band spectroscopy. r:
- insight into the generation of coherent beats with brosdband light wes obtained by performing xS,
8 8 parallel experiment with 8 pair of narrowband lasers. Doppler free spectroscopy should be
: passible with this technique. L
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Comment on "Diffraction-Free Beams" :
R
The recent work of Durnin, Miceli, and Eberly! on Diffraction-Free Beams brings to mind o
the experiment which generates the Poisson Spot.2 As normally observed by diffracting parallel L":f _
light around a circular obstacle the Poisson Spot retains its intensity on axis as one recedes from 3
- the obstacle while its radius increases linearly. However if the obstacle is placed in the focal plane !
5 of a following lens as was the case in ref. 1 the illuminated spot which is observed in the center of ik
8 the shadow exhibits the general characteristics which are described in Durnin et al. For our ff.
experimental conditions, as described below, the spot retains its intensity and sharpness as the ’;E'-'
observation point is moved over the latter half of the 156 cm. range on which it forms. However, f:i J
we probably ought not to say that the spot constitutes a diffractionless propagating beam. It is e
, rather a line image, as is shown by the fact that a new obstacle placed in its path does not obliterate '
\ the spot further along the axis. In figures 1a and 1b we show the shadow of a .8 cm ball bearing :::"
illuminated by a 1.5 cm diameter collimated He-Ne laser light beam as observed on a white card }
150 cm from a 25 cm lens which is analogous to the lens in the apparatus of Ref. 1. Figure 1a 't
y shows the normal unblocked situation while figure 1b was obtained when a .3 cm diameter rod '
X was inserted accross the beam at a position 40 ¢cm before the white card. The shadow of the rod is )
) clearly visible as is the undisturbed Poisson Spot. This shows that the energy in the spot did not B
. get there by traveling along the axis. The rod only blocks that part of the image lying close enough
to the rod so that it cannot "see” the edge of the ball bearing. Further away, light skimming the n
. edge of the bal! bearing has a free path to the image position and hence it is not affected. {
2 We wish to thank F. W. Kantor for insightful comments and suggestions and E. Usadi for : i
, assistance in making the figures. ::_
3 This work was supported by the U.S. Office of Naval Research and by the Joint Services :" A
. Electronics Program (U.S. Army, U.S. Navy, U.S. Air Force) under Contract No. DAAG29-85- -3‘._\
K-0049. Y,
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(a)

(b

FIG. 1. Photographs showing the bright spot of Poisson in the shadow of a circulur object t)
without any additional obstructions; (b) with a rod attempting to block the spot. Both photogtapiys

were overexposed to make the Poisson spot more visible.
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New formalism of the Kronig-Penney model with application to superlattices

Hung-Sik Cho and Paul R. Prucnal
Center for Teleccommunications Research, Department of Electrical Engineering, Columbia University, New York, New York 10027
(Received 26 March 1987)

A new formalism of the Kronig-Penney model has been developed which is considerably simpler
than the conventional one. It gives not only the carrier energy bands but also the wave functions at
the edges of each band. Although it is formulated to be applied to superlattices, it is also applicable

to bulk materials.

I. INTRODUCTION

The Kronig-Penney model' is an idealized method of
calculating the energy bands in crystalline solids with
peniodically varying potentials. It has been applied pri-
marily to bulk semiconductors>? to study the qualitative
nature of band structures. Recently, it has also been ap-
plied to semiconductor superlattices*~" to calculate quan-
tum confined energy subbands. Here, because of
conduction- and valence-band discontinuities,
smaller—energy-gap layers act as potential wells between
larger~energy-gap layers. Though the effective mass of
carriers is the same throughout bulk materials, it is
different in the well and barnier layers of superlattice
structures. This effective mass difference must be taken
into account by the appropriate boundary condition at the
well/barrier interface. The conventional formalism of the
Kronig-Penney model for bulk materials must therefore
be modified for superlattices. _

Mukherji and Nag® considered the effective-mass
difference in formulating the Kronig-Penney model, but
assumed that the wave function and its first derivative
were continuous at the interface. Bastard® replaced the
assumption of continuity of the first derivative of wave
function with an envelope function approximation. He
showed that the first derivative of the wave function divid-
ed by effective mass, or the probability current, is continu-
ous at the interface under certain conditions. Although
several other boundary conditions have been pro-
posed,?~ 19 Bastard's is the simplest and most intuitively
appealing. The results of particle energy calculations
based on Bastard's boundary condition are consistent with
the experimental data.'' Recently, the Kronig-Penney
model with Bastard's boundary condition was also used
to calculate the band offset of GaAs/Al, Ga,_ . As super-
lattices.'*

The purpose of this paper is to present a new formalism
of the Kronig-Penney model developed using Bastard’s
boundary condition. This formalism is based on the ob-
servation that wave functions corresponding to maximum

P qeii el L Be T/l gy (7), 0<z&%a
LIPS

and minimum energies of each band have definite parities.
Since this formalism is simpler and easier to manipulate
thau the conventional formalism, it can be used to find
energy bands and wave functions in superlattices and bulk
materials by simple numerical analysis. In the following
section, both the conventional formalism, and the new
formalism of the Kronig-Penney model with Bastard's
boundary condition, will be developed and compared. In
Sec. III application of the new formalism will be illustrat-
ed by finding the energy subbands and envelope wave
functions of a GaAs/Al,Ga,_,As superlattice. This ap-
plication will then be discussed.

II. FORMULATION

The periodic potential in a superlattice is not a real
atomic potential, but a periodic repetition of different en-
ergy gap layers, the thickness of which is usually many
times larger than the period of the atomic potential. As a
consequence, the actual wave function of a superlattice is
a bulk atomic wave function modulated by the envelope
wave function of the superlattice potential. The energy
bands of a superlattice are composed of a discrete series of
subbands induced by the superlattice potential inside a
bulk band.

In this section, we will formulate the energy subbands
and envelope wave functions induced by the superlattice
potential, using a new formalism of the Kronig-Penney
model and applying Bastard's boundary condition. Be-
fore developing the new formalism. the conventional for-
malism is first developed for comparison.

A. Conventional formalism

Figure | shows the periodic square potennal of a super-
lattice with well thickness a. barner thickness b, and bar-
rier height V. Particle effective mass 1s m, at the well and
m, at the barnier. From the solution of the Schrodinger
equation. the envelope wave function 1n two acjacent
penods, —b <z <aand g <2 <d —ua. can be wnitten as

Y

Ced i P Do B2 2y (7), —bZ2z50,
- ,‘,[ qo i Z—d‘*Be 71(1!."‘1/2——4]]2\”.(2)‘ d§:§d+a
[ L e .. ; (RE
, l(’ N ‘_DQ,—z[it. [ “']zll'dlzr. aé:;d.
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where d =a +b is the period of the superlattice, 4, B, C, and D are complex numbers, e'® is the phase factor, and z is
the axis perpendicular to the superlattice layers. a and B are defined as

B
y
5

az%(ZmaE])”2 ,
E%[Zmb(E—V)]“z,

where E is the particle energy. ¥,, ¥,, ¥, and W, are defined only inside a well or a barrier. We note
|W,(0)| = |W,(a)| and |W,(—b)|=|W¥,(0)]| from the symmetry of the wells and barriers, and also note
| W(z +d) | = | ¥(z)| from the periodicity of superlattice potential. Using Bastard's boundary condition at z =0 and
z=a,i.e,

W, (0)=Ws(0), ——[W,(2)]; mo= ——[¥}(D)]: o ,
m, my

Wa(a)=d]d(a), J—[W;(Z)]z=a='—l—[\y:j(2)]z=a ’
m, my

where ¥, (2) and ¥, (z) are the first derivatives of ¥,(z) and W, (z), respectively, and applying the condition that 4, B, C.
and D should not be zero simultaneously, we obtain

I 1 1 1 i

i a _a B _B ll

| m, m, m, m, }

_ ) N . —0.

| e'ae e iaa el(@ oA e:(0+bﬂl

1

t

2 gaa _ X, -aa B_jio-b8 _ B_gio-bp|
:ma mg my my i

|

Note that by Bloch’s theorem W(z)=e*?u(z), where k is the wave number of the envelope function in the z axis and
u{z) is a periodic potential satisfying utz)=u{z +d). It is obvious that ¥(z +d)=e™e™uiz +dY is e*Wiz). Thus ®
is equal to kd. By simplifying the above determinant and replacing ® by kd, we obtain

a b
cos(kd)=cos —ﬁ—(zm‘,E)'/2 cosh ;[Zm,,(l’—E)]'/2
m |17 m. 1172 e |1
a vV a b ’E , ‘
mp mp my ] . a 130 ! b P .
- sin (—{2mgE)"’" |sinh | —=[2m,(V —E\]' = for V' > E ,
VELY —-E) # fi : ~
! L)
3 o
3 o
.
and 3
o
_ a 12 ‘ b w2 I i
coslkd)=cos ﬁ(2maE) lcos ‘;[thlE -
i ; T
172 [ i H 12 b
m . me 1 my | =
ARGl EN I | :
my my m | ! o S .
+ - ——— : t sin: Li2m EV "SIHLQ[ZM,{E~V‘]‘ ofor VOB 4 -
VELE -V) | # AR ‘ [
J N
where i=h /27 and h is the Planck’s constant. B. New formalism ’
Similar equations have been derived by Bastard,” who .
also included the effect of momentum in the direction Even though the convenuonal formalism vield . the en- -
parallel to the layers. If continuity of dW/z1/dz ts adopt-  ergy bands of superlatices or bulk matenals. 1t 18 quite -
ed instead of (1/midW¥izi/dz. im, /m, " = s replaced by complicated and cannot vield the envelope wave func-
(m, /mgY' * and vice versa, and the overall energy bands tnons A 1 ow formalism, which will be developed here. iy |
shift upward.'" From Egs. (3) and 14) the E-k dispersion  saimpler than the conventional formahsm and vields the -'J.
relations can be readily obtained. envelope wave tunctions corresponding to the edge ener-
:.‘
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v(Z) el H
7 i l.‘
v : l: ‘ i
\yb \Pa Wd Wc - . i : t’,’
. !
-¢ -b O e d dro L4 3 .:t‘ (‘,,//{b, //
R RIS B ./ /ELECTRON ENERGY (mev)..”
FIG. 1. A schematic view of the periodic square potential of a - - ] 7 ol 7
superlattice. a is the well thickness, b is the barrier thickness, "5 ° A 2007 (3005 1400 V500 /@00~ -]00 " /80 900/
d =d +b is the period of the superlattice, and V is the barrier T T e nea T 7 aes
height. ¥, and W, are the envelope wave functions in the wells Il T Rl e l ml'//(; o ‘@
at 0<z <a and d <z <d +a, respectively. ¥, and ¥, are the Bl J v I
envelope wave functions in the barriers at —b <z <0 and RETIRY. | ¢
a <z <d, respectively. -s ‘}L_(,);,’ : |
-6 fietoly "
-7 4"'- ; ]
] ! '
gies of each band. These envelope wave functions are use- 9] | !
ful to analyze the superlattice properties. ! !

From Egs. (3) and (4), the phase difference (d=kd) be-
tween W(z) and Wiz +d) is O or = for the wave function
corresponding to minimum and maximum energy of each
band. The phase difference between W,(0) and W.(d) is
the sum of the phase difference ¢, between ¥,(0) and
Y,(a), and the phase difference ®, between ¥, (a) and
W,(d). When 4 is different from Bor —Bin Eq. (1), &, is
different from O or =+. Similarly, when C is different from
D or —D in Eq. (1), &, is also different from O or =7. In
general, when ®, and ¢, do not have even or odd parity
(when A58 or —B, or C=D or —D)J, the total phase
difference cannot be 0 or ==. Therefore, the envelope
wave functions corresponding to the minimum and max-
imum energy of each band must have even or odd parity.

l. Odd-index bands (n=1,3,5,...)

As will be shown in Fig. 2, the minimum energy of
every odd-index band corresponds to cosd=1 or &=0.
Following the above arguments, ¢, and ¥, should both
be even or both be odd at minimum energies. Note, how-

I

Yoy =Adcos ‘a2z —
[ I |

.
' l ‘

(SR

{ 1 ’
¢ H

Wi'Mz)= A cos ia iz — -
! |

o8

[ oy .

where b=18={Im, } —E ') /4.
Using Bastard's boundary condition at z =0, 1.e.,

Y, 10 =W¥,10)

and
L= e
m, mn

we obtain

ARG SRASCOTIEN

|
WMhiz)=Bcosh & |z -

Wi™Nzi=Bcos B |z ~-g !
. |

SRR

FIG. 2. The first five electron energy subbands of a
GaAs/AlGai_,As superlattice with x =0.5, ¢ =100 A. and
b=25 A. V=375 meV is the barrier potential height. Dashed
curves (a) and (b, correspond to the funcuons in the left-hand
side of Eqs. (7) and (8), and (11} and (12), respectively. Dotted
curves (¢} and 'd} correspond to the functions in the left-hand
side of Egs. (15) and (16), and (191 and (20), respectively. Solid
curve te} corresponds to the right-hand side of Eqgs. i3) and 14}
respectively. nis the band index.

ever, that at large 6 each band in a well degenerates to an
energy level with vanishing bandwidth. Thus W] (corre-
sponding to minimum energy) and ¥'** (corresponding to
maximum energy) become identical. Hence, the parities
of ¥ and ¥J'** must be the same for any value of b.
Furthermore, ¥, is even for the first (ground' state, odd
for the second state. and alternating even and odd with
increasing n. Therefore, both ¥T'" and W™ of every
odd-index band have even panty, and can be wntten as
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h L}
U R,
> -
» A cos |—— |=Bcosh b3 , Aasin aa =Lésinh 13 for V>E, <!
> 2 2 mg 2 m, 2
™ Iy
e ) A cosh | — | =B cos b8 , 4 asin |22 =——2Bsin|— | for V<E,
. 2 m, 2 my Y
which in turn gives the minimum energy of every odd-index band: t ;
W) m v 172 b 3
. 12 Ma b 12 | _ :
: I 2ﬁ(ch,E,,,.,,) my | -1 ] tanh 2ﬁ[Zmb(V-Em.,.)] =0 for V>E, ) :
: m 12 b
8 — )72 = 1= - Enn—W]"? =0 for V <E . (8
b : tan 2ﬁ(2m oEmn + ", Eom 2% [2my(Emn )] rv« :
o, )
:; . The smallest solution of Eq. (7} corresponds to n =1 (ground subband), the next solution to n =3, etc. The band in- N
v dex corresponding to the smaliest solution of Eq. (8) depends on how many bands are confined inside the well. 7
(-, To find the maximum energy of each odd-index band, we note that cos® is —1 or ® is 7. P, is 0 because ¥, is e
even. Since ¢, +d, is =, b, is =7, or D, is odd. Hence, the wave functions can be written as
.‘ max a max : ( b "
l", Y (z)= A cos |a Z_E , VY =B sinh l& z+— for V~E, (9} .
x‘ max a max M b \.
Yi*z)= A4 cos |a z—; , YP*¥*=Bsin |p z—+—z for V<E . {10} oy
. Following the same procedure as above, we obtain the maximum energy of every odd-index band: !
3 ]
> x 12 )
m
e tan | —(2m, Emax)'”? <1 Y ] coth l’—[zmb(V-Em,n”’ =0 for V>E, (D 5
& ﬁ my | Emax 27 ‘
: m l 12 5 !
: tan |~ (2my Eman )2 | — | == |1 = - cot | [2my (B — V]2 | =0 for ¥ <E . (12)
2% my Emax l
S
-‘: ‘-
:- 2. Even-index bands (n=2,4,6,...) :.
~ “
~ For even-index bands, the minimum energy corresponds to cos®= —1 or $==x7. Since ¥, is odd and ®, is =7, )
:, G, =b—P, is 0. Thus W, is even, and we can write N
e YiMz)=Asinja|lz——= ||, ¥9"=Bcosh|b |z+— for V>E, (3 "
» i ’
» n
¢ YM™(z)= A4 sin [a z—% ‘, Yy =8cos |B z+% forV <E . (14) i 1
» i hd | .
Using the boundary condition and simplifving as above, we obtain the minimum energy of every even-index band:
172 g
}' a 172 [ ma V b 1 ~
! t | —(2myEmn)'’? _— - h|— (V—En]V? = 14 . s g
& cot | o2 (2m -+ \ | B 1 tan 2ﬁ[Zmb Eonn)] 0 for V>E l :
" ~
; t |2 (2my Emun)' Mo '[1 v ta [ b lamy(E V)]"‘I 0 for ¥ <E 16 %
cot | —{(2m n) e - nji— - = ’ . ' o
L4 2 alm l my, l Emm [ 2 my min I or < ) ~ 3
3 The smallest solution of Eq. (15} corresponds to n =2, the next to n =4, etc. The band index corresponding to the 3
» smallest solution of Eq. (16) depends on how many bands are confined inside the well. .
~ To find the maximum energy of every even-index band we note that cos® is 1 or ® is 0. Since ¥, is odd and &, is "N
: 2m Oy, =P -, is =7. Thus ¥, is odd. Hence, we can write the wave functions as t
14 | :
. ! .
Y™ 2)= A sin |a z—izz- i, Yi'** = B sinh i’b z-&-g } ! for V> E am '
i ! | - I
o | N | )
o W*Mzi= A sin [a !:—%)[ W =Ban B .*2 | for b < E . 181 .:l
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Following the same procedure as above, we obtain the maximum energy of every even-index band:

172 .
a m V b
cot ﬁ(zm,sm)”’ + l’_"f E—m——l, coth[z—ﬁ[Zmb(V—E,,m)]'/z =0 for V>E, (19)
a 172 b
a -
cot 2—’5(2171,,1;‘,.,“)”2 + . ll—Emu cot ﬁ[zm,,w,,,u-m"z =0 for ¥ <E . (20

Even though formulas similar to Egs. (7) and (19) have
been previously derived by Masselink er al.,!! their rela-
tionship to the Kronig-Penney model has not been
clarified. In addition, they are not a complete formalism
because they cannot yield the maximum energies of odd-
index bands and minimum energies of even-index bands,
and the corresponding envelope wave functions.

The question might arise why only one boundary con-
dition at z =0 was used in developing the new formalism,
whereas boundary conditions at both z =0 and z =a were
used to derive Eqs. (3) and (4). The explanation lies in
the main difference between the two formalisms. Since
the conventional formalism is concerned with all the ener-
gies from 0 to o, Egs. (3) and (4) indicate that ¢ (=kd)
can be any real vaiue from O to 2 (for energies inside
bands) or any complex value (for energies outside bands).
Thus there are no definite parities of ¥, and ¥, and no
symmetry relationship between W, (0) and ¥.(a) or
V,(—b) and W,10). Therefore, in Fig. 1, the boundary
condition at z =0 and z =a are different and both bound-
ary conditions must be used. On the other hand, the new
formalism is only concerned with the band-edge energies,
at which & can be only 0 or £#. Thus ¥, and ¥, have
definite parities. Since ¥, (0)=x¥,(a) and
¥, (0)==*¥,(a), the boundary condition at z =0, which
determines the relationship between W, and ¥,, is identi-
cal to that at z =a. This is the reason we need only one
boundary condition in developing the new formalism.

When b becomes sufficiently large for V > E, Egs. (7)
and (11) degenerate to

172
tan E%(Zm.,E)”:Jl—- :: %-1” =0
for n =1,3.5,. ..
and Egs. (15) and (19} to
a 2 [ma [V ]m
cot z—ﬁ(ZmaEJ"‘I+\lmb - ]] =0
for n =2,4,6, ... .

These results are, of course, identical to the single-well re-
13
sults.

III. APPLICATION AND DISCUSSION

As an illustration of the application of the new formal-
ism, we have calculated the electron energy subbands of a
GaAs/Al,Ggl _1As superlattice with x =0.5, a =100 A,
and b =25 A by using both the convenuonal formalism
[Egs. (3) and 14)] and the new formalism [Egs. (5! to (201].

i

We have also calculated the envelope wave functions us-
ing the new formalism.

Figure 2 shows the first five electron energy subbands.
We have taken AE,=0.476-+0.125x +0.143x? eV for
0.45 <x <1," as the band-gap difference between GaAs
and Al,Ga;_;As at room temperature; m, =0.06Tm,
and m,, =(0.067+0.083x)my,'> where my is the free elec-
tron mass, as the electron effective mass at well and bar-
rier layers. We have assumed 65%:35% band offset ra-
tio!"'!¢!7 petween the conduction and valence band. Thus
the barrier potential V' is given as 0.65AE; =375 meV.
As shown in Fig. 2, the first three bands are confined in-
side the well and the remaining two bands are not. Curve
(a) in Fig. 2 corresponds to the function in the left-hand
side of Eqgs. (7) and (8) for £ « V and E > V, respectively.
This curve meets the E axis at 31, 268, and 684 meV.
Since Eqgs. (7) and (8) give the minimum energies of odd-
index bands, these three values are the minimum energy
of the first, third, and fifth subband, respectively. Curve
(b) corresponds to the functions in the left-hand side of
Egs. (11} and (12). Obviously, it gives the maximum ener-
gy of the first, third, and fifth subband. Similarly, curves
(¢) and (d) correspond to the functions in the left-hand
side of Egs. (15) and (16), and (19) and (20), respectively.

s Yy
| | | | !
maox min i i
0 Y, '
OP%QM OZFvQ%%A'z
} ! ;
min
Y;.‘l . l WB, ' '
OMW °~T\\_//‘I_‘I\\_//] z
max min ,
¥ | v, . I
ob A~ Y =< N . D
T = ‘
v L]
i l ¢ b I
! ] ’ ! |/\
OHD 1 w32 °jr r 1 “u—or ¢z a4
|

FIG. 3. Envelope wave functions corresponding to the edge
energies of the first five subbands shown 1n Fig. 2. W™ 5 the
wave function corresponding to the maximum edge of the first
subband, and ¥T'" 15 that corresponding to the mimmum edge of
the first subband, etc. b =25 A 15 the barner thickness;
a=d—b=100 A is the well thickness. The amplitude of the
wave functions has arbitrary units.
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They give the minimum and maximum energies of the
second and fourth subband, respectively. All these curves
are obtained from the new formalism. Curve {e) is ob-
tained from the conventional formalism. It corresponds
to the functions in the right-hand side of Eqgs. (3) and (4)
for E <V and E > V, respectively. We can easily identify
the first five subbands.

If we define f{E) as the longitudinal axis of the curves
(a)-(e), we note that curve (e) meets the f(E)=1or —1
line at exactly the same points on the E axis as the
minimum and maximum energies found from curves (a),
(b), (c), and (d). This indicates that the energy bands
found from the new formalism are identical to those
found from the conventional formalism, as they must be.
Even though we have piotted complete curves of functions
in Egs. (7), (8), (11}, (12), (15), (16}, (19}, and (20} to find
the subbands by the new formalism, usually it is not
necessary. The energy bands can be easily found by sim-
ple numerical or graphical methods. Of course this for-
malism can also be used for bulk materials with m, =m,.

In Fig. 3 the envelope wave functions are presented,
which correspond to the minimum and maximum ener-
gies of the first five subbands of the superlattice in Fig. 2.
These wave functions have been found by using the
minimum and maximum energy of each band.in calculat-
ing a, B, and §; also the boundary condition
¥, (0)=¥,(0) is applied to Egs. (5), (6), (9), (10), (13),
{14), (17), and (18), thus eliminating 4 or B. Although
these wave functions are not normalized,
Py=1Iy /U, +1y), where I,= [¢ W, %dz and I,

HUNG-SIK CHO AND PAUL R. PRUCNAL

= [©, | W, [z, gives the probability to find an electron
at a barrier layer. The calculated values of P, for this su-
perlattice have been found to be 5.7%, 12%, 25%, 38%,
and 43% for minimum energy of the first five bands, and
1.3%, 5.3%, 8%, 13%, and 18% for maximum energy of
the first five bands. They are an increasing function of n,
because electrons become more energetic with increasing
n and are more probable to leak to the barriers. P;™" for
W' is larger than Py for Wi of the same band, be-
cause ¥5'" has even parity and WJ** has odd parity.

We observe another general property of the envelope
wave functions in wells and barriers of superlattices:
When E <V, wave functions at the wells, corresponding
to both Enin and E,, of the nth subband, have n —1
zeros (meet z axis n — 1 times). Those at the barriers have
0 (for Eqax) or 1 (for Epin) zero. When E >V, wave
functions at the wells still have n — 1 zeros; those at the
barriers have a different number of zeros for different b,
ranging from O for small b, to infinity for infinitely large
b. In Fig. 3, however, we see only 0 or 1 zero inside the
barrier, because the barrier is sufficiently thin to have only
0 or 1 zero.

In conclusion, we can calculate both the energy bands
and the wave functions corresponding to the edge energies
of each band, of superlattices or bulk matenals. using the
new formalism of the Kronig-Penney model. Moreover,
the calculation of energy bands can be done more easily
by the new formalism than by the conventional formal-
ism. The new formalism is very useful for the analysis of
superlattices and application to device designs.

IR. de L. Kronig and W. J. Penney, Proc. R. Soc. London, Ser.
A 130, 499 (1930).

2], P. McKelvey, Solid State and Semiconductor Physics (Harper
and Row, New York. 1966).

IK. Seeger. Semiconductor Physics, 3rd ed. (Springer-Verlag,
Berlin, 1985).

4D. Mukherji and B. R. Nag, Phys. Rev. B 12, 4338 (1975).

5G. Bastard, Phys. Rev. B 24, 5693 (1981).

6)J. N. Schulman and Y. C. Chang, Phys. Rev. B 24. 4445
(1981).

'B. A. Vojak. W. D. Laidig. N. Holonyak, Jr., M. D. Camras, J.
J. Coleman, and P. D. Dapkus. J. Appl. Phys. 52, 621 (1981},

*T. Ando and S. Mon, Surf. Sc1. 113, 124 11982,

9S. R. White and L. J. Sham, Phys. Rev. Lett. 47, 879 (1981).

18Q. Zhu and H. Kroemer, Phys. Rev. B 27, 3519 (1983).

.(,;{"'1{4\:1 'f_:f-;f.:f, v ,\-" ./-_ Sl ,_z_ f\.r,_.u\r._. N -_'.l_._ o

1'W. T. Masselink, P. J. Pearah, J. Klem, C. K. Peng, H. Mor-
kog, G. D. Sanders, and Y. C. Chang, Phys. Rev. B 32, 8027
(1985).

12A. Chomette, B. Deveaud, M. Baudet, P. Auvray. and A. Re-
greny, J. Appl. Phys. 59, 3835 (19861.

H. Kawai. K. Kaneko, and N. Watanabe, J. Appl. Phys. 56.
463 (1984).

4H, C. Casey, Jr. and M. B. Panish, Hererostructure Lasers
(Academic. New York, 1978), Pt. II.

135, Adachi, J. Appl. Phys. 58, R1 (1985).

'*D. Arnold, A. Ketterson, T. Henderson. J. Klem, and H. Mor-
kog, Appl. Phys. Lett. 48, 1237 (19841,

'"H. Okumura, S. Misawa, S. Yoshida. and S. Gonda. Appl.
Phys. Lett. 46, 377 (1985).

T

o ’ \\\\\\

-.\\-.\\.--'-""'

TR
\-\ .f f s

VECE ALY W

R IRIIN

*

=7

el

-
P

XA

LY s
[

LT

i

rEreo e s,




DRAFT OF PRESZRTATION &

. o GIVEN AT ECS-SAN DiEco
lp:dg:ilﬁfmn‘}ﬂLfn::r:“ OCTOBER, lggﬁ

Eﬁﬁﬂ?'&ﬁf’;

[l

LASER-ASSISTED PLAéMA ETCHING

Ww. Holber®, J.o. Chu*, D. Gaines, A. Nahata,
and R.M Osgood, Jr.

S TR

Microelectronics Sciences Laboratories
and Columbia Radiation Laboratory
New York, New York 10027

h?

»

A

*Presently at
IBM T.J. Watson Research Center,
Yorktown Heights, New York 10598

L
202

f’n_'—q.--'&

T

>

ABSTRACT

s

Laser radiation has been used to enhance
both gas- and surface-phase phenomena
occurring in a plasma reactor. As a
result, resistless patterning and
light-enhanced plasma etch rates have
been demonstrated.
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INTRODUCTION
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In the plasma etching processes now routinely used to
fabricate semiconductor devices, a resist mask is used to
define an area to be etched, and a glow discharge
generates reactive species .which etch the exposed area.
Depending on the myriad process parameters, Ssuch as gas
components, gas pressure, and RF discharge frequency, the
etch can have varying amounts of selectivity, anisotropy,
and damage. However, a trade-off among these factors
often exists, making it difficult to separately optimize
all of them. For example, while increasing the ion flux
to the substrate can increase the degree of anisotropy.,
it can also decrease the etch material selectivity and
increase the amount of ion damage. In addition, the
reguirement of a resist mask to define the etch region
necessitates many extra Steps in the processing sequence.
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Recent experiments have shown that 1light-assisted
chemistry can also be used to accomplish dry etching. 1In
addition, the wuse of 1light tz alter the properties of
electric discharges, Vviz, 1in gas lasers, and to effect
surface reactions has been previously demonstrated. As a
result, 1t is reasocnab.e to expect that the introduction
of an external 1light source to a plasma reactor may
provide a wuseful tool for improving the performance of a
plasma process.
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In a set of experiments which will be déé&ribed here,:

"we have used laser light to control the etching rate of

silicon and gallium arsenide in a plasma etching
environment. various light-assisted processes have been

- examined, including those relying on gas- and surface-

phase interactions. Both substantial etch-rate
enhancements and micrometer-scale maskless patterning

- have been observed. |

i
CW LASER-ENHANCED PLASMA ETCHING OF SILICON '

In the study of laser enhanced plasma etching of
silicon, cw laser 1light of various wavelengths and
intensities was weakly focused onto the surface of a

"single-crystal silicon sample, doped to varying degrees.

The experiments are described in detail elsewhere (1,2).
Briefly, it was found tgat at high laser power densities
(greater than 10 kW/cm¢), there is an etch enhancement,
which appears to be primarily thermal in nature, and is
independent of incident wavelength, doping type, and
dopina level. At low laser power densities (less than 10
kWw/cm¢) however, the effect appears toc be predominately
a photochemical one, since the temperature rise due to
the laser is quite 1low (less than 20 ©cC), and the
effect is now dependent on the wavelength of the light

.and the doping level of the sample.

The experimental results a&re consistent with a
process that 1is controlled by the flow of photogenerated

carriers to the surface. Figure 1 demonstrates the
photochemical nature of the etch rate enhancement at low
laser power densities. Here it can be seen that for

"heavily doped silicon, either n- or p-type, the

photoinduced-etch enhancement 1is greater for the near-uv
laser 1light than for the visible laser light. Within the
experimental accuracy of this work (about 20%), the
results are ¢the same for either n- or p-type silicon.
The etch rate without laser enhancement for the heavily
doped n- and p-type samples is also approximately the
same for the operating conditions used in this particular
reactor.

This behavior 1is in marked contrast with the results
of another group, which studied purely photon-enhanced
etching of silicon by chlorine atoms (3). In that
experiment, it was found that the dark etch rate is much
greater for n-type than p-type silicon, but that the
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relative photon-enhancement is much greater for the
p-type than for the n-type material. f

Although the precise mechanism by which the
photogenerated carriers enhance the etching of silicon in
the CF4/0, plasma has not yet been determined, there
are a number of possibilities. These include increasing
the reaction rate between Si and SiF, groups (as
pointed out by Houle (4) in another study of purely
light- induced etching), increasing the rate of
subsurface fluorination of the silicon, and removal of
adsorbed layers, such as hydrocarbons, on the silicon
surface, which may 1limit the reaction rate by blocking
surface sites. Note that all three of these mechanisms
result in increased surface desorption in the illuminated
region.

In order to examine whether a more precisely defined
surface 1layer could be affected by laser light, polymer
deposition was induced by adding hydrogen to CF4 in the
same etching reactor. It was found that both the plasma
etch rate and the etch-rate enhancement due to the laser
were altered.

First, Figure 2 shows the reduction of the dark etch
rate with the addition of hydrogen. It is thought that
this reduction in etch rate is due to the onset of two
successive processes; H atoms scavenging F atoms from the
system via the formation of HF, a nonreactive gas for
polymer etching, and polymer deposition on the surface
due to the altered gas-phase chemistry {5,6),
respectively.

Second, when the laser is wused to illuminate the
surface of the silicon during the etch process, a clearly
defined enhancement 1is again observed. Figure 3 shows
the etch-rate enhancement due to the laser. The most
prominent feature is the sharp rise in enhancement at
15-mTorr H,; partial pressure. According to a previous
study, the F concentration in the gas will begin to rise
after its initial fall at about this hydrogen
concentration (6). As a result, the etch rate will then
be 1limited only by polymer deposition. Under these
conditions, the laser light incident to the surface will
enhance the etch rate due to the desorption of polymeric
material. The reduction in pclymer deposition due to the
laser 1light can be seen visually by a color change in the
polymer layer in the vicinity of the laser spot, and
through Auger electron spectroscopy, which shows a marked
reduction in polymer coverage in the illuminated region.
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‘can be wused to accomplish resistless processing. Since
the strongly etched region is defined by the laser light,
projection of a masked beam on the surface directly

' patterns the etched region. This form of in situ

. processing was demonstrated by patterning the laser beam

"with a simple wire grid. The resolution, which was.
limited by the demagnification of the projection lens,.
was several micrometers.

u;ﬂquwg

! The role of the laser 1light in preventing polymer
. film growth appears to again be due to photogenerated
carriers in ths silicon. The low laser power density
used (™10 W/cm¢) would appear to preclude a purely
thermal effect. Also, in the same reactor, the laser
light does not have any effect on deposition on sapphire,
an insulator which does not absorb 1light at this
wavelength, but would be subject to any surface
photochemical effects in the same reactor.
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In a second set of experiments, we examined the
effect of laser light on controlling the plasma
discharge, either through its chemical species, or
through its electrical properties. These studies
involved 1laser-enhanced plasma etching of Gaas. The
output from a 193-nm excimer laser is used to illuminate

W
e
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the discharge region between two electrodes in a pulsed
d.c. discharge. Both the laser and plasma are pulsed at
a repetition rate of 30 Hz. The laser power is typically
20 mJ/pulse, and the discharge is typically operated at
600V and a pulse width of 200 usec. The gas used is
HBr, at a pressure of 5 torr and a flow rate of 25 sccm.
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Previous work describes some aspects of the
experimental arrangement in more detail and discusses the
etch results obtained with laser illumination alone,
i.e., without a plasma discharge (7). A recent extension
of these purely laser studies has shown that partially
brominated surface layers play an important role in the
.etching process. In particular, when the etched samples
are examined using x-ray photoelectron spectroscopy
(XPS), it 1is found that the chemical composition and the
depth of the surface 1layer varies according to the
processing conditions employed. Figure 4 shows the
arsenic, gallium and bromine peaks, obtained by etching
under several different substrate temperatures. The
exact energy of the arsenic and gallium peak depends on
the 1local bonding environment. For example, gallium from
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,the substrate (GaAs) can be distinguished from gallium- FJ
-due to CaBrj. However, the peaks due to GaBrj and
' Ga,03 can not be resolved in this apparatus. The; ',
- same is true for the arsenic peaks. These results are o
consistent with what has been found by other researchers 0
in different etching systems. For example, in fluorine' "
etching of silicon, it has been found that subsurface, r
fluorination occurs, also to a depth of about 20 or: >
30 (8). i 3
' <,
i Adding the laser illumination to the discharge region: N
ihas several effects on the etching, particularly as a. o
result of phenomena involving the adsorbed layers.: o
First, the etch rate is greatly increased over the plasma‘ e
etch rate, especially at temperatures high enough so that {‘
the process 1is not 1limited by desorption of the etch b
reaction products, namely GaBry and AsBrj. This is N
shown in Figure 5, where it can be seen that the laser ~)
enhances the plasma etch rate by almost an order of o
magnitude at 100°cC. Note that in this case, the laser o~
beam is aimed over the substrate in the pulsed plasma )
discharge. Calculations indicate that at the lower ;k
temperatures, where the laser has little effect on the '
etching, as shown in Figure 5, the etch rate is limited AN
by desorption of the GaBr3 products from the GaAs ﬂ:
surface, so the creation of more gas-phase bromine by the S\‘
laser has 1little effect on the etch rate. However, at )
the higher temperatures, where desorption 1is not as 3,
limiting a process, the laser has a large effect, since Qf,
the bromine it creates can be used effectively in the W
etching. .
I~
Second, etching with the plasma alone cor the laser "
alone vyields etch profiles which are quite different. "
The etch profile obtained using just the laser follows ﬁn“
1 crystallographic 1lines, while that obtained using just e
the plasma is more nearly vertical. With the laser and ™
‘"plasma together, an intermediate etch profile is obtained ad
which can be more or less anisotropic depending on the Ve
relative contribution of the 1laser versus that of the ’
plasma. This behavior is due to the laser changiug the ?\
density of neutral bromine atoms in the plasma region, -g
relative to the density of ions created by the Y
discharge. While the neutral species tend to cause ?h“
crystallographic etching, the ions tend toc cause etching 2N
which 1s more directiocnal. L]

Laser light can also be wused to controcl the IE
electrical properties of ¢the discharge. Ultraviolet o td
controlled or sustained discharges have been wused to
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. obtain abnormally low ratios of electrical field to

» neutral particle density. This 1low ratio can, for.
example, yield a more efficient discharge for obtaining
population inversion 1in a laser. 1In this connection, we
have also begun to 1investigate the use cf UV excimer
laser 1light to influence the electrical parameters in the
pulsed, HBr discharge described in the paragraph above.

In particular, preliminary work has been done in'
. studying changes 4in plasma characteristics due to the
‘ laser dllumination. The technique used was to irradiate
- the discharge region with the laser, and at some fixed,;
time delay apply a voltage pulse to the discharge
plates. The voltage applied is below the threshold at
which the gas will break down without any laser
illumination. Care was taken to ensure that the laser
light did not hit the electrodes.

The first experiments showed that 193-nm light was
effective in 1lowering the breakdown voltage in the
prlasma. Thus, 1if a pulse of excimer light preceded the
application of the pulsed waveform ¢to the discharge
plate, the breakdown of the voltage could be lowered as
much as 50%. Further, the magnitude of the reduction in
voltage depended on the time between laser pulse and the
discharge, and the gas c¢onditions in the discharge
region. For example, the higher the HBr pressure, the
longer the duration of the interval of low
discharge-breakdown voltage. The details of this
behavior are in accord with a diffusion-limited loss of
the photogenerated species. In addition, the
conductivity or carrier density in the plasma is found to
be directly proportional to the laser power, when the
193-nm laser pulse and the application of the voltage
pulse to the discharge plates are made to coincide. This
behavior is shown in Figure 6, which displays the
variation in discharge current with laser power, for a
fixed-voltage pulse. Both of these experiments
illustrate that UV light can lower the operating voltage
within the plasma, and yet still obtain significant
discharge current.

A S T T th T

In summary, we have shown that laser light can be
used to control surface desorption, chemical species, and
electrical parameters of a plasma reactor. These laser
control phenomena have been used to obtain the practical
advantages of maskless patterning and higher etcl. rate

(at reduced driving voltage) 1in a plasma etching
environment.
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Figure 4: XPS spectra of etched GaAs surface, with
varying substrate temperature during the
etch process. The laser orientation is
indirect.
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OPTICALLY-INDUCED, ROOM-TEMPERATURE OXIDATION OF GALLIUM ARSENIDE

Chien~Fan Yu, Michael T. Schmidt, Dragan V. Podlesnik, and Richard M. Osgood
Jr., Microelectronics Sciences Laboratories, Columbia University, New York,
NY 10027

ABSTRACT

Room-temperature, optically-induced oxidation of the gallium arsenide
surface has been studied with laser radiation of different wavelengths. It
was found that deep-ultraviolet light is much more effective in enhancing
oxidation than near-ultraviolet or visible light., The growth rate of the
oxide was also found to be drastically increased by the presence of
chemisorbed water molecules on the surface.

INTRODMCTION

The study of optically-induced oxidation of the gallium arsenide
surface has been a subject of intensive investigation[l-5). These studies
have shown that simultaneous exposure of a semiconductor surface to oxygen
and to laser light can stimulate the uptake of oxygen. It is also known
that a thin oxide layer formed on the gallium arsenide surface can be used
to passivate the surface or to alter the interface properties(6]. A better
understanding and control of this room-temperature process can lend itself
to many applications in the fabrication of semiconductor devices. The
enhancement of oxidation on the gallium arsenide surface through above-
band-gap photon illumination has been generally attributed to the e{fect of
photogenerated carriers(i-5]. We report here our recent study on the
wavelength dependence and the effect of water molecules adsorbed on the
gallium arsenide surface in this photon-induced process. The use of deep
ultraviolet light, below the oxygen dissociation limit, and/or the presence
of chemisorbed water molecules on the surface were found to increase
significantly the growth rate of the oxide.

EXPERIMENTAL

Experiments were carried out with either an argon-ion laser tuned to
one of its visible or near-uv lines, or with a frequency-doubled argon-ion
laser to generate 257-nm deep uv light. An excimer laser was also used as
an alternative to generate 248-nm (KrF) light. In all cases the
dissociation limit of oxygen molecules (242 nm) was not exceeded. The laser
power was kept sufficiently low so that the temperature rise on the sample
during exposure was negligible. The typical cw power density used was 50

mW/cm®,

The gallium arsenide saTgles used ﬁn this experiment were n-type of
O (100) orientation with ~ 10 atoms/cm doping density. Surfaces were
! cleaned by the following steps before ex-situ experiments: degreasing in
%: warm trichloroethylene, immersion in acetone, immersion in methanol,
- immersion in DI water, and 50% NH OH rinse. Samples were then blown dry and
. attached to the mount with silver paste. For in-situ experiments, performed
~ inside an UHV chamber, additional surface cleaning was done by heating to
- 540°C, followed by 500 eV argon-ion bombardment and then 540°C annealing for

» 5 minutes to reduce sputtering damage.

Surface analysis was performed using a multiprobe surface spectroscopy
system equipped with a concentric hemispherical energy analyzer. All XPS
measurements were carried out with an AlKq (1486.6 eV) excitation source at
240 W. The system was calibrated from the Au 6f7/2 level with a binding
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energy of 83.8 eV. The absence of surface charging was determined by
observing the position of the C ls level at 284.6 eV from the adventitious
! carbg?oon the sample. The pressure in the analysis chamber was kept below
3 5x10 Torr during the measurement,
:: RESULTS
To review, in earlier studies(7,8] we showed by using AES depth
profiling that the oxide layer formed during laser irradiation on the
« gallium arsenide surface immersed in pure water is more than three times
) thicker than that made by irradiation in ambient air. However, while the
o oxide is arsenic deficient when made in water, it is nearly stoichiometric
! when made in air. In addition, the 257-nm laser light exposure was found to
N enhance the oxidation much more strongly than the 514-nm laser light of the
’ same power density.
The XPS spectra showed that the oxide layer contains both gallium oxide
V and arsenic oxide. The As3d peak consists of well resolved components from
) the oxide and the substrate as shown in Fig. l.
b
K
T v 1 T T v ¥ T
As3d Ga3d
V (d)
2 @
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Figure 1. XPS spectra of the gallium arsenige surfaces
irradiated with 248-nm laser light of 3 mJ/cm® at 30 Hz
: in laboratory air ambient for a) lO min, b) 20 min, c)
F. 32 min, and d) 40 min.
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The thickness of the oxide layer can be estimated using the relative
intensities of the oxide and substrate of tiie same emission level in the XPS
spectrum as shown in the following equation[9]:

d = A *%*sind 41n(50x_ * Psub * ésub +1)
ox ox D A

sub ox ox
where [ and ISub are the intensities of the photoelectrons from the same
atomic Ievel, Do and D b the densities of oxide and substrate, A and
A the ele@fron nd4R escape depths of oxide and substrate, d the

thfgkness of the oxide layer, and 8 the exit angle of the photoelegérons
relative to the surface. The electron mean escape depths in gallium arsenide
have been determined[10] to be 25 A for the As3d 1level and 7 A for the
As2p level, We thus determined the thickness of the oxide layers shown
in Flé. l to be 13, 17, 21, anﬂ 26 A, made by exposure of GaAs surfaces to
248-nm laser light of 3 mJ/cm at 30 Hz for 10, 20, 32, and 40 minutes,
respectively. In the control sample, 6 A oxide was found to have developed
through the handling in air after the chemical cleaning procedures.
Subtracting this native oxide thickness from each c¢f the above thicknesses,
a linear oxide growth rate of about 0.5 A/min can be seen. A more extensive
study of the wavelength dependence was also made, As shown in Fig. 2,
exposure of the deep wultraviolet laser light, either 257-nm (cw) or 248-nm
(pulsed), can make much more oxide than that of the near ultraiiolet or
visible laser light of about the same power intensity (ca. 50 mW/cm”). Note
the latter longer wavelengths induce only a small amount of additional oxide
on top of the native oxide shown in the open circle.

WAVELENGTH (nm)

514 454 351 257 24
30 T T T T |2 8
- /6
ot
»n 20+ // -
"
w
2
3 /
o
I
| ol /
W ol ° A
a
; cm—— ._——’.)/

& ——m
(o]

1 1 1 i 1
% 1 2 3 4 5

PHOTON ENERGY (eV)

Figure 2. Oxide layer thickness as a function of ths
wavelength of the laser light irradiated at 50 mW/cm
for 20 minutes each in laboratory air ambient.
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As3d Ga3d

A=248nm
1012 -0z
3x10'0L-H,0

COUNTS PER SECOND (ARBITRARY UNITS)

A=248nm
'O]ZL'OZ
i e 1 1 A A | —
50 40 30 20

BINDING ENERGY (eV)

Figure 3. XPS spectra of gallium arseniﬂe surfaces
irradiated with 248-nm laser light of 2 mJ/cm” at 100 liz
for 20 minutes in dry oxygen (lower panel) and in oxygen
with equilibrium water vapor (upper panel),

Another set of experiments were done in the well-controlled gas ambient
inside an UHV chamber. The 248-nm light was introduced through a suprasil
window onto the sputter-cleaned and arnealed surface inside the chamber, A
drastic difference was found depending on whether this chamber was filled
either with dry oxygen or with oxygen bubbled through pyre water, Results
are shown 1in Fig. 3 for 20 minute exposure of 200 mW/cm® power density. In
the lower panel the oxide grown in dry oxygen is shown to be only about 9
in thickness, while in the upper panel the oxide grown in water-vapor-
saturated oxygen is shown to be about 31 in thickness, In a separate
control experiment, oxygen-free water vapor (obtained by prolonged bubbling
with nitrogen) was let into the chamber up to its equilibrium vapor pressure
(~ 20 torr), Subsequent irradiation of the surface with 24B-nm light
produced no appreciable oxide.

DISCUSSION

We have not yet developed a complete understanding about the role the
carriers play in this optically-induced oxidation process. However,
unrelaxed carriers generated by the deep-uv light illumination are more
energetic than those generated by the near-uv or visible light. This may
explain, at least in part, the strong wavelength dependence of the oxidation

process.
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Moreover, based on the previous understanding of GaAs surface-
oxidation, we can develop a plausible explanation for the results of the
enhanced oxidation - through the presence of water adsorbates. It has been
reported that the adsorption of water molecules on the gallium arsenide
surface at room temperature will lead to a chemisorbed adlayer on the
surface(11,12}. This may then be followed by the dissociation of the water
molecule into chemically bonded -OH and -H to surface gallium atoms[12].
The oxidation of gallium arsenide is believed to proceed with the initial
attachment of oxygen to arsenic atoms{5,13]. We postulate that the
chemisorption of water molecules on the surface will weaken the adjacent Ga-
As bonds and make the arsenic atoms more susceptible for chemisorption of
oxygen molecules. Photogenerated carriers will subsequently induce the
breaking of the molecular oxygen bonds and complete the oxidation process.
Thus, a much more rapid growth of oxide is observed with the presence of
water vapor.
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Large Ares Laser-Assisted Etching of Electronic Materials
Peter D. Brewer
Hughes Research Laboratories
Mal . bu, Catifornia
90265
and
R. M. Osgood, Jr.
Columbia University
Microelectronics Sciences Laboratories
New York, New York
10027
Abstract
The use of Iaser ass.sted-chemistry for dry etching of electron . c materials s descr bed
Empras's s piaced or the use of laser-ass sted reactions for lsrge 3rea process . ng Rev . ew
of the current technology 1s given for large area masked etching, UV-projection etch ng, and
'ase~ ass sted react.ve on etching (RIE), and plasma etching

Introduction

Mary rew ' 2ser-cre~.ca  tecz~r.gues fcr gry etching have bee~ ceve oped.fo- pctert a:

acc!cat.on 1 n microe ectron.c faor.cation The appl!i.cat ons range from high reso.ut.on,
ptanar, UV-project.on pattern transfer to maskiess fabrication ot three dimens:cnal micro-
structures Mcst of these techr.ques have 'n common the use of laser-inducea o~ -enhanced
chem.cal react ons at a sol d-gas o~ solid-liau:rd interface. In th.s paper, we w. || review

the status cf large area 'aser-a3ss:sted etching of mater:als for sol:d state eiectronics
with emphas s on Qus (dry) ambp ents The reader :nterested n "direct wr . te" etching and
bas ¢ mechan.sms nvoived in iaser ass sted etching s referred to several recent reviews !
The features wh.ch make laser-ass sted etching attractive from a process ng perspective
are the fast etch rates, spec:f.c chemistry, low substrate temperatures, high mater a!
se ect . v:ty, and etch ar sotropy. These features are a resu't of tre nature of the iaser- g
Nitiateo chem sty nvcived Spec: fically, 1t is possible to selectively dr:ve chem.ca! -7
react o0ns 3iong predeterm ned pathways usi ng laser exc . tation of spec:f c react.or modes S
For examcie, us ng laser-.naguceg chem.stry, 't may be possib/e to proouce (F, ard Br reac- AN
tants from (F,Br w thout the concom:tant generation of other specres (CF, C, CF," etc ).
Such as those proguced '» p'asma d-scharges Ir ot~er forms of laser p-ocess ng, crem ca:
reazt.o0ns a3re dr ve~ Dy ra3ap:'C trans.ent heat:.ng of the s Ostrate ©Cy 3 puised ase- By
US . "g 3 ShROrt-puised ‘aser with 3 small surface penetrat on decth, the heat s conf . ~eg only
to the surface Conseavently, h.gh temperatures can be reacheg .~ the rear-surface reg on
w" e "~e revas noe- of the samp.e rema.ns at the amb.ent temperat.re In ada .t on, tre
Oct €3 character st cs of the laser beam .tself can g ve the etc- . ng process ges rab e
propert.es For exampie, since the 'aser beam has a2 wel!l defineg d.rection, highiy
an sctropic feati-es car te produced Fimally, focus.ng or 'mag:ng the iase- bear enar es
u"Que maskiess pattern generat:on on surfaces by the techniques of "d.rect writ:.ng" or
project.on pattern.ng, respect vely

We w.!! f.rse broefly review t~e genera! f.e'ad of laser-ass . steo etch.ng of e'ect-on ¢
mater 3!s and then review the current status of large area masked laser etching, 'aser-
ass . sted pro,ect . on etching ard !'aser-enhanced RIE and piasma etching

An Overv.ew of Chem.ca! Approaches to Laser Etch.ng

Chem ca' approaches to Iaser-ass . sted etching of electronic materials canr be treated . n

terms of four genera!l mechan . sms accord . ng to the involvement of the laser | . ght 'n severa
bas ¢ solid-surface and gas prase moiecular processes These mechan sms are photochem c2a
thre-mal, photon-acti vated surface, and aviat:'ve. For example, 'n photor-ass sted dry

etch rg the process '1's dom nated by photon nteract:ons with gas-phase or surfsce-adsorbes
spec:es, wh:le n direct ablat:.ve phrotoetching photon-surface processes gom: nate the
mater -3 remova Tabie I categor.zes dry laser etch . ng processes n te-ms of these fo.-
mechan . gms
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Current Summary of Laser-Assisted Dry Etching of Electronic Materials t::]
v\ -,
»
Mechanism Materia! Etchant Gas Laser Source Comments Ref o
———————— —— - ,.
Photochemical S Br, Arc /1 Gas Activated 20 :\il
Si, Ta SF, Puised CO,/1 | Vibrationally o
Activated 1A ;\i
Si Cl,/HCI Art/] Gas Activated 2,
Some Surface b
Heating 19 »
Si/poly Si Cl,+Si(Chy), XeCl/]) Gas Activated ==
CloeMMA o
Surface Protected 10, S
Mechanism 11 S
5 Ge Br, Arc /1 Gas Activated 21 e
3 GaAs CF,Br, CH,Br, ArF/] Gas Activated e
4 HBr 8,¢ e
' GaAs/1nP CH,Br, CH,CI, Doubled Ar*/| Gas Activated »
CFyI 22 .
$i0, CF,B-~, CDF, Puised CO,/|| Mu!tiphoton Gas {ﬁ§
A Prase A
d : Dissociastion 23 }:W
S0, Ci, Ar°/] Gas Activated 24 S,
S.0, CCI,F, KeF/] 25 Ry
Si0, NF, +H, ArF/71 26 RS
S$10,/8,0, CF.Br, KrF/ArF/ ]| Gas Activated 27
e F,t0, ’NF, ArF/ | Gas Act vated 25
W, Mo, T F,CO, NF, ArF/} Gas Activated 14
b Surface S XeF , Arc/1 Resction 6
Activated Enhanced by
(Nonthermai) Electron-Hole
Pair Formation
GaAs /GaP Cl Art/] Band Bending 28 »
Under Itlumin- o
ation and Biasing NG
} Si XeF, Pulsed CO, Some Therms! 29 “a
Effects, Protors o
Increase XeoF, A
Sticking AN
Probab: ity S
Tre-ma Ge B-, V.s Dye Laser/] 30 2\2
GaAs Ci, Arc/] Format:.on of 31 o
V.a Holes N
Ge, S, GaAs, C(CF,I, Br, cw CO,/) 7 SRS
InSe Y
GaAs, InP, CCl,, SiCry, Arc/] 32 O
InSp GeC1, TR
.0, HF . cw €O, 33 ®
.0, HF, HCI1, H,, co, 34
NE,, CF,B¢,
Cig R
Pyrex Mo ArF 12 Tt
Ceram:.cs Cilg Aer® 35 IS
Mo, W, Si F,/He cw C0y/1 36 S
MnZn cCr,, CF,CH Ar® ls .
Ferrites
Nig sFeq o SFg. CFu, Ar® 1a
cc,, P
D.rect
At at.ve PMMA Avr Excimers s
Poiyimide Ar Exc imers 36
Nitroce! - Air Exc imers kY:)
lulose
Al Ct, Excimers 4 SRy
Ay Avr XeC | 3 Vi
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In the case of photochemical dry etching, an inert parent molecule in the vicinity of a
gas-solid interface 13 dissociated by one of several gas or adsorbed phase processes to pro-
duce 8 reactive atom or free radical. This species rescts with the surface to form s vola-
tile compound which then leaves the surface, thereby resulting in etching of the solid. In
the simplest case, absorption of a single UV photon resuits in dissociation of the parcnt
molecule to produce reactants. Alternatively, myltiphoton excitation by a pulsed CO, laser
has been used to highly excite and/or dissociste the gas phase parent molecules.!®

For direct ablative photoetching, the laser wavelength is selected such that the |.ght s
highly absorbed in the surface iayer of the substrate. Using lasers which deliver puises
with high peak powers, the surface iayer is removed by simple evaporation. This approach

3 varistion of this

has been applied to a2 wide variety of inorganic materials. In a novel
approach, Koren et 8!.° have etched thin Al films which are prereacted with moleculsr chio-

rine to produce AICI,. The surface Isyer was then removed by XeCl (308 nm) laser-induced
evaporation. This procedure has been used tc etch Al films st a3 rate of 1 um/puise. On the
other hand, for etching of polymers with UV lasers, explosive remova! of surface layers s
believed to be caused by bond cleavage photochemistry in the surface molecules due to direct

polymer eiectronic transitions.

For etching semiconductor substrates irradiated with low laser powers in the presence of
2 reactive ambient, electron-hoie pairs created in the bulk by absorption of above band gap
iaser light in the bulk have been shown to be respons:ble for accelerated desorption and
reactions at the semiconductor surface. ® At h.gher intensities, thermai excitat.on of the
solid becomes importart. The heating results from 3 number of phenomena, including non-
rad-ative recombinat.on and energy transfer from hot electrons. The thermal excitat:on is
needed to drive chemical) reactions over an energy thresho!d on the surface ! Parent mole-
cules are then seiected which wil! only react with the toca! heated surface.

UV-Initiated Dry Etching of Masked Substrates

Many sem conductors materials such as GaAs are particulariy difficult to etch 'n clasmp
env . ro~merts because of the surface damage created by energet.c charged part:cles Th.s s
fayers or structures. In order to

a'so true of etching of substrates having th:n ox:ide
overcome these problems while keeping the desirable arisotropic character:st.cs ¢cf piasma
etching, UV-init. ated dry etching s being developed as a low energy, neutral charge tech-
nique having appl . catiors to large area processing. Excimer laser dry etching has been
demorstrated for the masked etching of GaAs, poly-Si and Si.%"!1 In the case of GaAs.':*® an
ArfF excimer iaser has been empioyed to effect s.ngle photon dissociation of e ther CFy8r,
CHyBr, or HBr parent gases to produce primar iy Br atom etchants. For both po!y-S.: and S,
m steres of the etchant parent gas and 2 polymeri1zing agent were emcioyed to etch the sub-
St ate wr . le proguc:ng an:sotrop ¢ s de-wall features.

Figure 1 srows the etch rate of GaAs (100) as a function of ArF  laser erergy dens .ty at
twc temperatures when HB- s used as the parent gas. Masking of the GaAs s.bstrates was
2Icomp! -sheo us.ng photores sts which do not ablate during the axc mer laser p. se L ne-
wi dth resc ut.cr below 1 um has been demonstrated ' Etch rates of up to B um/m. .~ with large
area substrates heated t~ 60°C were Obtained using moderate iase- rtens t.es (<35 mJsem?) ?
Setect ve crystailograchic etching was observed (Figure 2) and etch rates fcor the Iower
Orde- crysta’ clanes were measured to be {111}B>{100}>{110}>{111}A. The etch ng process
Seems to be dom . nated by reactions between Br ragc:cals and the GaAs s.rface, etc~ . ng orod-
ucCts are pr.mar:ly the bromides of gaiiium ano arsenmic In these exper ments, nc ev dence

of As cepietion of the surface iayer has been cbserved

For the masked excimer faser 1nitiated etching of poly-5.'% and S.,'! Hor (ke and ce-
workers at the Toshiba Corp. have deve'!oped a nove! se!f-mask i ng technique to contro:' s de-
wail profiles during prccess . ng by us:ng etchant gas/monomer mixtures irradiated w:th an
excimer iagser. Jn the'r initia:! work,!? a XeC) excimer laser (308 nm) is used tc photo-
dissoc:ate a mixture of Ci, and S:(CH,),. The Ci atoms generated by the photod ssoc:at.on
process served both to etch the substrate and to cause free radica) polymerizat -on of the
S (CH,), monomer. Poiymerizat:on produces 2 nonvoliatile poly-methylated S surface f.im
Direct ifium.nat . on by the Xe(C! 'aser normal to the substrate causes abiat:on of the depos-
rted foim This resyits (n an.sotropic etching since the sidewalls (paraiie! to the lase~
ve3m) rema.n protested . c.ag atsh, nz Trne znlc- ne ~“em stry produces se'ect ve etch.ng of
“he Si or poly-5« retat:ve tc the S.0, masik.ng mater:a! As 2 result, the process s pcoten-
“ralty usefy!l for the etch.ny subm.crometer features with very thin gate ox des Note,
however, that care must be taken with UV 1iluyminat on to prevent photogenersted charge from
be.ng croduced under the gate ox de An aiternative approach to this techn que has been
repcrted ' In these exper ments, a3 m.crowave discharge w3s used to produce the etchant (|
rad:cals, 3rd methyl-methacryiste (MMA) was used as the polymer precursor These cranges

er3bied the decoup ng of the erchant production from the ablat:on of the po'ymer,zeo sur-
face f.!ms The .mplementat.on of th.s technology
has been reported

no 'n the fabr.cat.on of a2 1 Mb-t DRAM ce
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Fi.gure 2

GoAs (100) ETCH RATE VS LASER POWER

10 Ny T L 4 T L] L v
EXCIMER LASER (193nm, 30Hz) J
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LASER POWER DENSITY (mJ/cm?)

The etc- rate cf GCaAs (100) as a furct.cn of laser ere-gy dens . ty s plotted
for tws sampie temperatures. The |aser beam was or entec 3t norma:' .nc.dent to

the surface

Scann.ng e'ectron micrograph of an GaAs (100) sample etched us ng HBr gas and
193 nm exc mer laser rad:ation (30 Hz, 15 mJ/cm?) Tre crysta' was masked w: th

photores st

lines oriented normal to the (110) cleavage planre Crystal planes

produced dur.ng etchirg are .nd.cated :n the micrograph
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\y Uv-Projection Etching K
) . .
h Projection etching has significant advantages for the fabrication of microelectronic -
N circuits since the characteristics of laser processing are combined in both a paralie' and » "
direct pattern transfer techniqus. Pattern transfer has been accomplished by imaging »
. homogenr:zed laser beam through s photomask onto » solid surfsce to produce patterned micro- .
-~ chemica! reactions. This scheme has been a3pplied to the etching of pyrex glass, '? Gzas '? .
) and poly~Si,11:1% githough recentiy surface product asbiative patterning of Al fiims’ has !
: been demonstrated in a manner similar to that used for etching polymers.® In work on Mo and R
v poly-Si,'* radiation present in near-field diffraction patterns has been used to photochem- »
™ ically initiate etching reactions without substrate masking. A resoclution of <0.30 um was
n achieved using this process. In ail of these cases, excimer lasers have been used as the
illumination source. The primary advantages of these sources are their short wavelengths
] snd high average and peak powers. Relatively simpie optical imaging systers have been
‘:} employed with typica! experimenta! setups using standard photomasks and 1:1 imaging lenses
o For higher resoiution refiective microscope systems (35.1 reduction) have been used’?:1!? ¢o
. - achieve atch features of <1 pum.
L~ . ‘
e For the projection etching of GaAs,!? poly-Si, 1114 and Mo,!* » gas-phase photochem- s
>, ically initiated process relying on the dissociation of halogen-bearing parent gases was
empioyed. The physical considerations in these experiments are different from those of
: masked substrate etching since parent gas pressure, surface temperature, and laser intens .ty
k¥, ali affect the ult i mate image resolut.on through gas or surface-mediated d:ffus.on In the
\& case of CGaAs, the addition of reactive and inert buffer gases!? have been found to be usefu! ’
O tn controlling the etch |inew.dth (Figure 3); however, this resuits in lower etch rates. I~
» these exper ments, the corfinement of the etching gas diffus.on appears to stem from tne )
A reduction of the mean free path by physical collisions or chemica! reactions. However, h
ad compared to theoretical fits to the experimenta! parameters, the etched | inew:aths have been 5 )
A found to be smalier by a factor of 5. The order of the reaction of the Br atoms w.th the
A GaAs surface has beer useo to excia:n th:s large decrease in |inewidth Phys caiiy, tns
W can be understood 'n terms of a concentration lifetime due to the noniinesr order of the hy
s surface react.on which limits the etching contribution of the nitial projected reagent fiux
.}_ to less tran cne mea~ free path above the surface !? In other words, the fact trat the
Y e etching s monl rnear 1n reactant flux means that the surface regions which encounter a3 high :
A% atom ‘iux are etched much faster than the low concentration regions. The resuit of th:s >~
: effect is that the etched image more closely reproduces the 'nitial projected .mage »
-*\‘ 158381 N
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& F.gure 3 L new . dth of etched grooves are plotted ss » functior of buffer gas pressure
af Two phys.ca! quenchers (Arz0 and Hy,28) and a chemical scavanger (ethylene O)
" were m . xed with the HBr parent gas The optical feature s:.2e¢ of the projected
. i ne 1mage was 3 S5 um.
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In other projection work, waveguided aaueous obchin? of GaAs has been extended to be ®
parsilel process by the use of a UV projection gcheme.'® In these experiments, the light-of
8 KrF excimer laser (248 nm) is projected onto a GaAs substrate which is placed in 2 quartz
cell containing 3 1 to S% HNO, solution. An array of high sspect ratio holes (4 um d. am-
eter) have been produced without masking the substrate as shown in Figure 4.

Figure 4 Scanning electron micrograph of laser-induced wet etched GaAs (100) using 5%
HNO, and a KrF excimer laser. Projection imag'ng by 4 1 optical reduction was
empioyed to produce these high resoclution holes (4 mm diameter) .

The above approaches are in contrast to the direct physical ablative etching of thin
polymer® and A1? fiIms where the laser is not used to initiate external chemistry It s
thought that n the case of polymer fiims at low laser powers that electronic trans. tions in
the surface layer contro! the etching For organic resists,’ experiments have demonstrated
<l um reso'uyt on In acdition, ablation has been achieved at laser energy dens. t:es as low
as 10 mJ/em? For ablative etching of Al films, the surfaces are exposed to molecular
chiorine to form an A!CI, outer layer which is sblatively desorbed using a 0.25 to 3 J/cm?
XeC! excimer pu'se. £tcn rates up to 1 um/puise have been ach eved in these exper ments
This approach s valuatie for some materials; however, for electronically sens tive mater:i-
2's, such as compouna semi conductors. direct physical ablation weu'd be deietericus to the
surface stoichioretry due to surface heating. :

Lase- Enrarced RIE and Piasma Etc™ . rg

Tre use of tasers in conjunction with RIE and plasma etching reactors has on!y recently
been reported '8 17.18 Tn one approach, a port i1n the top el'ectrode of a corvent.oral! resc-
Lor 8 used to nt-oduce the laser light, which can be focusea!® 17 or DPOJected" by an
external lens syster onto the semiconductor surface Locai zed patterns can be etched 'n
the area (ltuminates by the !aser With the use of projection etching, moderate :'mage reso-
luti1on <10 um has teen ach eved 16 The Ilimitation in feature size wh.ch has been ach eved
1" this work '3 gue to the s'mple lens system employed. A second sporoach uses the laser
light to alter the external gas-phase chemistry above the semiconductor.'® This allows the
separate controi cf the product.on of gas-phase neut-a! chem.ca! spec.es and :'on bombardment
tn the plasma etcher In these erper ments, the output of 3 193 nm ArfF exc mer laser was
directed over a GaAs sample in a3 pu'sed discharge of Ar and HBr.

There are severa! potent:a! advantages to using laser-contrciled chemistry in conjumction
with 3 plasma reactor. First, the | ght beam can be used to define a region to be etched
without the necess:ty of prior surface masking. Second, !i1ght can enhance the etch rate of
mater als with otherwise slow etching rates in conventiona! reactors. In addition, 1ight-
indu;cd desorptiorn may reduce the number of syurface-sdsorbed product molecules without
requiring intense physical! sputtering

The mechan:sms 1n the direct surface excitation or entation have been shown to fall .nto
two classes, namely therma! ang mnorthermal Nontherma! effects observed at low laser nter-
st e3 have been shown, n the case of sl con, to depend on dopant concentrat:ons and 'aser
wavelergth 1 The dop-ng dependgence suggests that the photo-enhancement s related to the
production of photcgenerated carr ers It has been suggested that a flow of minor ty car-
riers to the surface react:on s.tes g ves rise to enhanced surface reaction rates Th.s has
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aiso been observed in laser enhanced etching of Si in XeF, (no plasma)® and in electrode-
less faser~-induced wet etching of CaAs.!' At higher taser intensities, the local temper-
sture may reach several hundred degrees at the center of the laser focal spot on the wafer
depending on the focal spot size and the laser power. Etch rates of 2.5 times above the
dark etch rate for Si'? and 10 times for GaAs!’ have been obtained by localized hesting of
the semiconductor surface. This enhancement may result from product desorption, enhanced
rates, or removing adlayers which block the surface reaction sites.

In the case of gas phase excitation by 2 193 nm excimer Iaser in pulsed HBr/Ar d:s-
chargcs," the densities of neutral species was controlled independentiy from the 1on bom-
bardment. Optical emission studies showed the increased production of reactive neutral
radicasl species. An added sdvantage observed using this combinstion was that the plasma
breakdown volzage was lower when the laser pulse was synchronized to the discharge pulse.
Tris dependence also yielded |ifetime information about the laser-produced radicais. Sub-
stant a3l changes in the etching characteristics due to the laser chemistry were 3lso
observed with microstructure wali definition changing from vertical to crystallographic.

Conclusions

Laser-assisted etching has been shown to be a3 powerfu! method for processing electronic

materials 'n regimes where plasma or RIE techniques fail. The most attractive features of
'aser-assisted etching include: maskless processing, etching with neutra! species, and pro-
duct.on of an.sotrop'c features. For most materiais, laser etching has been shown to have

super 1 or atch rates and material selectivity reiative to plasma etching. Resofution of
beiow 1 um " pot- masxecd and projection laser etching has been demorstrated and has been
found to be compet . t:.ve with most other current processing techn.ques. The most important
limitat.or to cate s the need for more reliable, high power UV iasers.
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DIRECT CONNECTION OF OPTICAL FIBERS TO INTEGRATED CIRCUITS E?
N,
R.W. Ade, A. Amirfazli, T. Cacouris S
E.R. Fossum, P.R. Prucnal, and R.M. Osgood %q
ot
Department of Electrical Engineering and :ﬂ;
NSF Center fcr Telecommunications Research )
1312 S.W. Mudd Building s
Columbia University Bt
New York, New York 10027 >
(212) 280-3107 o
~
ABSTRACT .'.
Qe
We have been investigating novel structures for coupling optical A
fibers directly to integrated circuits. The coupler features a small
footprint, reliable alignment, and mechanical stability, and is ﬁ?‘
suitable for high density optical fiber interconnects. At the o~
present time, we have demonstrated a high quality (silicon) receiver ﬁ
structure fabricated using these techniques. The receiver consists P
of a vertical anisotropic cavity, formed using a laser-assisted oy
etching process, which is then doped to form a P-N junction »
detector. A tapered optical fiber is inserted into the cavity and o
affixed in place by means of a U.V. cured adhesive. The performance :F'
cf this receiver is significantly improved over that which we R
reported earlier this yearl. The detector responsivity is 0.17 A/W o
(632.8 nm) and the dark current is less than 0.5 nA. We are oy
cresently making switching speed measurements, but the performance is »
expected to be comparable to other silicon P-N junction detectors. NG
~3
The paper will briefly discuss the fabrication process of both the -
receiver and the optical fiber. The performance properties of the ﬂ“
receiver as obtained at the time of the conference will be reported. i
We will also report our progress on backside interconnect structures, ;
III-V device interccnnects, and optical source structures, which are A
currently under investigation. Finally, the paper will address the N
orocblems we have encountered in mounting and packaging this device, }i
and the implicatinns of this sort of optical interconnection for the ﬁi
future. \i
- P.R. Prucnal, E.R. Fossum, and R.M. Osgocd, "Integrated !¢;
Fifer-Cptic Coupler for Very Large Scale Integration "y
Interconnects"”, Opt. Lett., 11, 109, 1986. -
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Wavelength dependence of optically induced oxidation of GaAs(100)

C.F. Yu, M. T. Schmidt, D. V. Podlesnik, and R. M. Osgood, Jr.
Microelectronics Sciences Laboratories, Columbia University, New York, New York, 10027-6699

(Received 10 February 1987; accepted 13 April 1987)

The wavelength dependence of optically induced, room-temperature oxidation of GaAs (100) is ’

reported. The sample illumination was performed with either continuous wave (cw) or pulsed- r:'
laser sources radiating at different wavelengths, in the range of 248-514 nm. The thickness of :'s
optically induced oxides, ranging from 1 to > 50 A, was measured with x-ray photoelectron a:
spectroscopy. It was found that the oxidation is always much more rapid in deep-ultraviolet than Yy

in near-ultraviolet or visible wavelength regions. This effect is attributed to the generation of hot
carriers at the semiconductor surface under ultraviolet light.

:;l *

I. INTRODUCTION {100] direction. As a compliment to the dielectric function, -

. . . : 3 8 “~
The enhancement of chemical reactions on semiconductor  the optical coefficient curve® can be extracted from the same o
surfaces by illumination with photons is well known. In ~ Measurements. The distinct absorption peaks of the absorp- Do
many cases, this enhancement occurs as a result of photo-  tion coefficient for photon energies near 3 and 5 eV can be »
generation of electron-hole pairs, with a subsequent step by associated with the above-mentioned valence to conduction- <

one of the carriers leading to or catalyzing a chemical reac-
tion 2t the semiconductor surface.'~

Such reactions are of practical interest because of the po-
tential for utility in the fabrication of semiconductor devices.
For example, I1I-V and I1-V] semiconductors often require
processes that accelerate chemical reactions while keeping

band vertical transitions in the Brillouin zone. An important
effect is that going from the green to the deep ultraviolet, the
absorption coefficient increases by a factor of more than 20.
As a result, in the ultraviolet region, the photogeneration is
confined to within a few monolayers of the GaAs surface,
e.g.. 50 A for 250 nm photon illumination.

~.7v

1{ -Iv

o B

the semiconductor near room temperature. It has not been Photon absorption in different parts of the Brillouin zone

<

generally appreciated, however, that carrier-related reac- results in the generation of ﬂectrons and holes of different o
tions exhibit strong-band-structure dependence when differ-  energies. In GaAscrystals, visible light photons, hv~2.5¢V, :’:\
ent photon energies are used. In GaAs crystals, for example, are absgrbed by the clecjtromc transitions in the center of the .
visible and ultraviolet photons are absorbed in different Brillouin zone. Inspection of the energy band diagram, Fig. A
parts of the Brillouin zone, thus generating electrons and 1, shows that the excess energy is transferred mainly to the L
holes of different energies. In this paper, we will present the electrons. However, ultraviolet ghotqns. hv~S5eV, induce a D,
results of a study of the light-enhanced oxidation of GaAs. It transition at the X-edge of the Brillouin zone, and holes now -
wili be shown that the optical properties of GaAs at deep receive most of the excess photoenergy. Specifically, the ul- o
ultraviolet wavelengths lead to more rapid oxidation reac- traviolet-generated holes are created with energies of ~2.5 A
tions than those seen in visible wavelengths. The enhanced KA
uitraviolet oxidation was then used to grow relatively thick ! .
oxides ( > 50 A) at room temperature. a
L
Il. OPTICAL PROPERTIES OF GaAs N
In our investigation of the laser-enhanced oxidation of / "*
GaAs, we are concerned with the optical properties of GaAs L .
in the visible and ultraviolet wavelength range. Measure- e » .
ments of normal incidence reflectance,® and more recently, [y f-
measurements using spectroscopic ellipsometry® have pro- & ’ e
vided optical data for the intrinsic GaAs surface. The results s " N
for the wide spectral region 0-15 eV can be best summarized x i N
by the complex dielectric function. In the visible and ultra- z o
violet region, 2-5 eV, the dielectric function* varies rapidly L )
and is sharply structured. Philipp and Ehrenreich* com- el ® GaAs Xg KA
mented on the spectral region at higher energies than the L : "
intrinsic absorption edge (the band gap). They noted that b, e ] :\:: :
the sharp structures for 4v between 2 and 5 eV were associat- r:'_.f
ed with the vertical, valence-to-conduction-band transitions 2r T S

in various parts of the Brillouin zone. For example, 3 eV L r x »
photons induce a transition at the L-edge of the Brillouin REDUCED WAVE VECTOR o
A oo . ~
zone.” i.e.. in the [111] direction (see Fig. 1, after Ref. 7). FiG. 1 Electron energy vs reduced wave vector for the four GaAs valence ::"J‘
Similarly, 5 eV photons induce an X-edge transition® in the bands and the first several conduction bands, after Ref ~ o

b %
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¢V below the absolute top of the valence band. Notice that
since these holes are produced spatially within 5 nm of the
surface, energy relaxation is incomplete for carriers reaching
the surface.’

A consequence of using these nonthermal carriers is that
the interface chemistry is altered under ultraviolet illumina-
tion. In this work, we show that ultraviolet light is sufficient-
ly actinic that rapid oxidation reactions occur, in contrast to
visible light, for which under the same conditions, no effect
of a comparable magnitude could be observed.

ll. EXPERIMENT

Initial oxidation experiments were carried out with a con-
tinuous-wave (cw) argon-ion laser either tuned to one of its
visible or near-ultraviolet lines, or with a frequency-doubled
argon-ion laser to generate 257-nm deep ultraviolet light. In
all cases the laser intensity was ~ 50 mW/cm?. For the ex-
periments carried out in the ultrahigh vacuum (UHV) sys-
tem, a high-repetition rate excimer laser was used with a
wavelength of either 248 nm (KrF, 1 mJ/cm?, 100 Hz) or
351 nm (XeF, 0.2 mJ/cm?, 500 Hz).

For the liquid-phase oxidation experiments, the sample
was placed in a quartz cell containing 20 M2 deionized wa-
ter. Before each experiment, N, was bubbled through the
water to remove any residual oxygen. The gas-phase oxida-
tion was performed either in laboratory air or in the prepara-
tion chamber of an UHV system with a base pressure of 10"
Torr.

The gallium arsenide samples used in this experiment
were n-type of (100) orientation, doped with Siton = 10"*
em ™. A comparison of oxidation rates was made using p-
type GaAs doped with Zn to p = 10'* cm ~*. Before oxida-
tion experiments, the semiconductor surface was cleaned
with trichloroethylene, acetone, methanol, deionized water,
and 50% NH,OH aqueous solution. The sample was then
dried with N.. In addition. samples used in the UHV system
were subsequently heated to 540 °C. treated with mild argon-
ion sputtering (500 eV, 1 uA/cm’, 10 min) to remove resid-
ual oxide and carbon from the surface, and then annealed at
540 °C for S min.

The thickness of the oxide was determined in an UHV
muitiprobe system described previously.” The x-ray photo-
electron spectroscopy (XPS) data was taken using Al Ka
rays (1486.6 eV) with a background pressure of ~10~'°
Torr. An estimate of oxide thickness is made by using the
area ratio of the shifted oxide peak and the substrate peak of
the same core level, ' either As 3d or As 2p,,,, depending on
the oxide thickness. The mean escape depths for electrons in
GaAs have been determined to be 25 A for the A 3d level,
and 7 A for the As 2p, , level.'! This allows us to determine
oxide thickness in the range of 1-50 A. Auger electron spec-
troscopy (AES) depth profiling has also been used as a rela-
tive measure of oxide thickness.’

IV. LIQUID-PHASE OXIDATION

There is a considerable amount of work reported in the
literature concerning reaction products on GaAs surfaces
formed in an aqueous ambient.'>'* An important reason for

J. Vac. Sci. Technol. B, Vol. 5, No. 4, Jul/Aug 1987

studying the liquid-phase oxidation of GaAs is that semicon-
ductor dissolution always involves an oxidation state
change.'* Typically, the oxide growth is controlled by apply-
ing an external bias, i.e., anodic oxide growth.

In our experiments, however, the room-temperature ox-
ide growth in deionized water was obtained by illuminating
the semiconductor surface with cw laser sources radiating at
different wavelengths. The measured oxidation rates for
GaAs have been shown to exhibit a strong wavelength de-
pendence. The oxidation is much more rapid in deep-ultra-
violet than in near-ultraviolet or visible wavelength regions.
Detailed x-ray photoelectron spectroscopy (XPS) and Au-
ger analysis of the oxide layer produced in our liquid-phase
experiments has been reported elsewhere,’ thus, only a brief
description is given here. Independent of the laser wave-
length used, compositional analysis of the oxides showed the
almost complete depletion of As. The grown overlayer was a
Ga-rich oxide. This is consistent with Pourbaix diagrams'*
on Ga and As, i.e., with the known relative solubility of Ga
and As oxides. Deionized water can oxidize GaAs, but it will
also attack the photon-enhanced oxide to dissolve some of
the oxidation reaction products. For example, As,O, being
highly soluble in aqueous solutions of all pH values, will
dissolve in water at pH = 7. Ga,0,, however, is insoluble in
water and thus remains on the surface. This known depend-
ence of the solubilities of As,O; and Ga,Q, on solution pH
accounts for the chemical composition of the grown over-
layers. Finally, it is important to point out that the nonstoi-
chiometry of oxides formed in a liquid-phase has been used
to alter the formation of metal-semiconductor interfaces'®
and is therefore a subject of on-going interest.

Due to the thickness of the oxide layer grown in the liquid
phase, AES depth profiles were used to determine the wave-
length dependence of the oxide growth in water. Visible light
illumination did not produce a significant change in the oxi-
dation kinetics, i.e., the measured oxide thickness was com-
parable with a typical native oxide thickness value. This be-
havior contrasts sharply with that observed for irradiation
with ultraviolet light. In the latter case. the measured oxide
thickness was much larger. For example, Fig. 2 shows the
data for a 250-A-thick oxide, grown after 20-min illumina-
tion with 257-nm-laser light in deionized water. The corre-
sponding thickness for an oxide layer grown in 514 nm light

Oxygen A:257 nm
-3
2 e NN in woter
2 N
2 \ Gollium
o ¢
g r?"%’ ® o A\D ° i
‘3 \Corbon - Arsenic o
ML SR
- ol \a\“ )
Y n 0\?\1 - 4 P
(o] 10 20 30 40

SPUTTERING TIME [min]

F1G. 2. AES depth profile of a GaAs sample immersed in water and exposed
to 257 nm laser irradiation.
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and that grown without laser irradiation was 80 and 70 A, WAVELENGTH (nm) :~.\‘
respectively. 30 S L. L ol oY
o,
! The observed rapid, ultraviolet-induced oxidation in ] ”
deionized water requires injection of holes from GaAs to the - :
H,0/0, redox level.'* This redox level is centered around = / A,
0.4 ¢V below the top of the GaAs-valence band.'” Therma- » 20 / 1 X
lized holes in the valence band are not able to access this ¥ :_.-
redox level efficiently and activate the rapid reaction; thus S / g
hot, nonthermalized holes are required in GaAs—water in- = / :::
terfaces to obtain the observed reaction rates. Some previous s 'or s~ 7 o
{ experiments have shown that hot electrons are active in pro- 2 o —— —* b,
' moting surface chemical reactions.'®* More recently, Bou- !
dreaux er gl.'® have discussed the possibility that holes or )
electrons reach the semiconductor-surface interface as hot % 1 3 3 r s "
carriers and can in this way initiate reactions that would PHOTON ENERGY (eV) :::-;?
need more energy than that available at the band edge. It is
J reasonable, therefore, that the hot holes excited in GaAs  FIG. 3. GaAs-oxide-layer thickness determined by XPS for different wave- BN
cause the oxidation reaction observed in liquid-phase oxida. ~ length laser irradiation at 50 mW/cm’. Each irradiation was performed in e

tion. laboratory air for 20 minutes.

V. GAS-PHASE OXIDATION residual oxide formed during sample handling in air. The

Wavelength-dependent enhancement of the GaAs oxida-
tion reaction has also been observed in a series of experi-
ments performed at room temperature in gaseous ambients.
like the liquid-phase oxidation, the gas-phase oxidation is
found to be more strongly enhanced by ultraviolet light than
by visible light. In the gas phase experimenis performed in
laboratory air, the samples were chemically cleaned, irra-
diated with either cw or pulsed sources, and inserted into the
UHY system for analysis. The primary method of determin-
ing the thickness of the grown oxide was the comparison of
XPS peak areas. In contrast to liquid-phase oxidation, XPS
showed that the oxide layer grown in gas phase was stoichio-
metric with regard to arsenic and gallium, as has been gener-
aJly reported.?>?? The peak area ratio of the As 2p,,, to the
Ga 2p,,, for a clean surface was ~ 1.4. The ratio for the
oxide layer was also found to be ~ 1.4. This ratio has been

enhanced oxidation rates can be clearly seen on top of this
residual thickness. It is interesting to note that similar results
were found regardless of whether the source was cw or
pulsed. In either case, the laser intensities were low so as not
to cause thermal oxidation.

The wavelength dependence of the oxidation of GaAs was
confirmed by a comparison of oxides grown on clean sur-
faces in controlled ambients. A chemically cleaned GaAs
sample was loaded into the UHYV system and then sputtered
and annealed as described. XPS was used to confirm that no
oxide was on the surface within detection limits. The clean
sample was transferred to a preparation chamber into which
gases were controllably leaked. Laser light was directed at
the sample surface through a Suprasil window on the prep-
aration chamber, and the sample was then transferred for
analysis without exposure to laboratory air. Using an envi-

i

&

22

PRsd o

LR :

, found to correspond to the photoemission of a stoichiome- ronment of 10-Torr water vapor and 10-Torr O, in the prep-
» tric GaAs surface grown by MBE.?? aration chamber, 20-min irradiation with an excimer laser at o
] A comparison was made of #-type GaAs oxidation and p- 351 nm (XeF) produced only 1.1 A of oxide. Under similar :-:'-:
type GaAs oxidation under similar conditions with different conditions, with 248 nm (KrF) illumination, an oxide layer .::-
wavelength irradiation in air. A typical result is when 257- of 8.1 A formed. The relative difference in the shifted oxide : \';
N

nm cw laser irradiation was used for 20 min in moist air. The peak can clearly be seen in the XPS spectra of Fig. 4 where a

oxide thickness on n-type substrate and p-type substrate was strong wavelength dependence for the oxidation of GaAs is '

21 and 20 A, respectively. Our results agree with previously confirmed. -::‘“
y reported studies where no difference was seen between the p- To understand the growth characteristics of the GaAs ox- ._x
; ‘ type and the n-type oxidation rates.?>?? However, previous  ide, additional experiments were performed in the well-con- g
, studies have not reported the effect of deep-ultraviolet light trolled environment of the UHV system. The ambient in the :::‘

on the oxidation of GaAs. preparation chamber was varied from 1C Torr to [ atm of O,,

) The relation of wavelength of irradiation to oxide thick- and from O to 10 Torr of water vapor. A typical exposure | 3
ness for fixed exposure time was initially investigated in lab- time was 20 min. When the GaAs sample was exposed to o
oratory air. A summary of results is shown in Fig. 3, where moist O, for 20 min without laser irradiation, no oxidation $‘~ ‘
weak enhancement is seen for wavelengths of 351 nm and was detected. Also, when the sample was irradiated in 10 -f:

3 greater, while a strong enhancement is seen for the deep ul- Torr of water vapor with no O, introduced, no oxide was ";

' traviolet wavelengths of 257 and 248 nm. The open circle detected. ff'\'

shown at zero photon energy is the oxide thickness from a
control sample. This sample was cleaned and handled in a
manner similar to the other points in Fig. 3, but it was not
exposed to laser radiation. It shows the thickness of a typical

A comparison was made of the oxidation rate in 2 mois
O, ambient and a dry O, ambient. The moist ambient con- -
sisted of a mixture of 10-Torr O, and 10-Torr water vapor. o
The dry ambient was 10-Torr O, only. As shown in Fig. S, )

-
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XPS INTENSITY

F1G. 4. X-ray photoelectron spectra of As 2p,., and Ga 2p, ., peaks of the
clean and laser-irradiated samples. Laser exposure was for 20 min in a 10
Torr O./10 Torr H,O ambient.

for oxide layers up to ~ 5 A, there is no detectable difference
in the oxidation rate by illumination in moist O, and dry O,.
However, for thicker oxides, those irradiated in a moist O,
ambient grow much faster than those irradiated in dry O..
We believe that enhancement due to the moist environment
is similar to the enhancement of water vapor in silicon oxida-
tion where hydroxyl groups are incorporated in the oxide
layer. This oxide is more porous than the oxide grown in dry
O,, allowing more rapid transport of reactants through the
oxide layer.”* Further experiments are needed to determine
which reactants are being transported through the oxide and
to confirm that the hydroxyl groups are incorporated.
Another series of observations is shown in Fig. 6. Here we
have measured the O. exposure to the GaAs surface in terms
of Langmuir, determined by the oxygen pressure and expo-
sure time. The time of the oxygen exposure also equals the

Laser- enhanced oxdabon of GaAs(100)

20 v
1 myrem?2 10 Torr O, ‘
_ n-GaAs(100) 10 Tort Ha0
M-
2 V= 4 998 ov
i A =248
F3
x
Q
I 0t
-
5 10 Torr Oy
»
(o]
5
[
[} 10 20 kY] 40 S0 [ ]

EXPOSURE TIME (mun)

FI1G. 5. GaAs-oxide layer thickness as a function of laser exposure time. The
results are compared for dry and mosst O, ambient.
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Laser enhanced axdabon of GaAs(100)

20 7
1 my/em? d

_ 0-GaAs(100) /
o< 1) [ J pa 10 Torr
a nYs= 4 598 oV
b4 A = 248 am
5 * A’
.i_ \oF / A‘A/
= A2 s
2 et
[}

st

0 hd

109 1010 10" 1012

OXYGEN EXPOSURE (L)

Fi1G. 6. GaAs-oxide layer thickness as a function of O. exposure (|
L = 107° Torr s). The results are compared for cases when either the O,
pressure or the exposure time was held constant.

time of the laser exposure. The figure shows very different
oxide thicknesses for the same O, exposure produced
through different means. When the exposure time is held
constant, and the O, pressure is increased, the oxide thick-
ness only slowly increases. On the other hand. when the O,
pressure is held constant, while the exposure time is in-
creased, the oxide thickness increases much more rapidly. It
has been suggested that a more appropriate measure of expo-
sure would include a dependence on the number of carriers
generated at the surface.”!

VI. DISCUSSION AND CONCLUSIONS

Several groups have postulated that photogeneration of
carriers is responsible for the enhanced oxidation of GaAs
under illumination,?’-**?¢ but a detailed mechanism of the
role of carriers is not yet developed. For gas-phase oxidation
it has been suggested that the attachment of hot electrons to
physisorbed O, molecules, with the resultant lowering of dis-
sociation energy, is responsible for the faster oxidation
rate.”” A similar effect has been claimed for the photoen-
hanced oxidation of silicon.”® Another effect that has been
suggested is the surface recombination of photogenerated
electron-hole pairs which provide energy to accelerate the
oxidation reaction.”> However, the strong wavelength de-
pendence of the photoenhancement of GaAs oxidation, in
etther gas or liquid-phase expenments has not been pre-
viously reported.

In order to attribute the wavelength dependence of oxide
growth to the effect of photogenerated carners. we need to
eliminate several other possible effects of illumination that
are wavelength dependent. One effect 1s the direct photon
excitation of O, molecules before they reach the surface. The
dissociation limit for O, is known to be 5.1 eV.** Except
where noted. this energy is greater than photon energies used
in our experiments. In order to check that O. was not being
excited by radiation in the gas phase, a cylindncal lens (1 m
focal length) was used to focus a 248-nm (KrF)-excimer
beam parallel to the surface of a clean-GaAs sample in a
typical environment in the preparation chamber. The energy
of these photons is 4.99 eV. For a 20 min exposure, virtually
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no oxide was formed. This is compared to 8 A of oxide for a
broad beam of 248-nm illumination normal to the surface. In
addition, experiments were performed with 193 nm (ArF)
laser light. The photon energy, Av~6.4 ¢V, is now above the
0, dissociation limit.2® Consequently, a parallel illumina-
tion grew 25 A of oxide, due to the known effect of ozone
oxidation.*® Direct beam illumination under similar condi-
tions produced more than 70 A of oxide (our XPS thickness
limit due to the escape depth of the As 3d peak).

The effect of temperature rise can also be eliminated as a
cause of oxidation. We confirmed experimentally that the
temperature required for our typical oxide growth rate was
~450 °C. Calculations of the temperature rise of our GaAs
surfaces due to the very low intensity radiation, typically 1
mJ/cm?, give an upper limit of a 3 °C transient temperature
rise.>! Furthermore, due to similar absorption depths of 351
and 248-nm-laser radiation in GaAs, equivalent intensities
of illumination would produce a nearly identical surface
temperature rise in each case. However, we have seen that
for equivalent exposures, the 248 nm light enhances the oxi-
dation much more than the 351 nm light. Therefore, thermal
effects can be ruled out as the cause of the wavelength de-
pendence of the photoenhanced oxidation of GaAs. We thus
attribute the wavelength dependence of the enhancement of
GaAss oxidation to the wavelength dependence of the photo-
generation of carriers. '

At this time, the exact role of electrons and holes in the
oxidation of GaAs is not known. It has been suggested that a
possible role of the photogenerated electrons is that a che-
misorbed oxygen molecule takes up an electron, enhancing
the breakup of the molecule. It has also been suggested that
photogenerated holes weaken the bonds between the sub-
strate atoms at the surface. These effects would stimulate the
uptake of oxygen.?'

In conclusion, it is important to note that the energy of the
photogenerated electron is nearly constant over the wave-
lengths used here (see Fig. 1) making it unlikely that elec-
trons are responsible for the wavelength dependent enhance-
ment mechanism. In contrast, the energy of the
phctogenerated hole varies greatly over these wavelengths,
indicating that hot holes may be responsible for the wave-
length-dependent enhancement of the oxidation of GaAs ob-
served.’
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Low~-power ultraviolet (350 nm) laser 1light has been used to :3
.\.-.
inhibit polymer formation on silicon in a plasma reactor containing e
CF4/Hy reactants. The resultant increase in etch rate has been A
]
studied as a function of hydrogen partial pressure. Auger electron N
spectroscopy reveals a reduction in polymer formation in the area :;
illuminated by the laser. ;i
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In previous workl 2, we have described some of the effects of
cw laser radiation focused onto the surface of silicon in a plasma
reactor. Briefly, it was found that when laser light illuminated the
surface of silicon in a CF4/0, plasma, the etch rate was locally
enhanced. At high laser powers, the enhancement was primarily due to
thermal effects. At low laser powers, the effect was primarily
nonthermal and was dependent on the doping level of the substrate and
the wavelength of the laser light.

We have now shown that addition of a polymerizing agent to the
discharge increases both the relative and absolute magnitudes of the
laser enhancement. The lgser light controls the etch rate by
reducing polymer deposition on silicon. This laser-induced
desorption may be used to change both the etch rate and the etch
profile in a plasma reactor. The contrast provided under
polymerizing conditions with low-intensity laser illumination greatly
exceeds that obtained with a CF4/0; plasma. The mechanism here,
as in previous workl'z, is attributable to the production of
electron-hole pairs.

The experimental arrangement is similar to that described in the
previous workl.2, The plasma etcher was operated with 40 mTorr of
CFy (flow rate = 37 sccm) and with 0 to 30 mTorr of Hy;. The
radio frequency (rf) power was 30 watts -- corresponding to an rf
power density of 0.05 w/cm2. The laser source was a krypton-ion
laser, 1line tunable ¢to various wavelengths between 350 nm and 800
nm. The majority of the work reported in this paper was done with

the multiline near-uv output, 350-357 nm. In addition, in the

"

AN P '.(\,:.‘\'.-‘ N I NG N N N R A A A A O L O PR LU A ._-:\-I“f\-"-r\-r»(\.
Aol A fl A "o o N N .

L]
S A A A S A S S A R

- L ate "ala gt 84 Gn Bt B R R A R Y S L Y U T Y T L Y A AT LN LR T A TN N NN TR T AT T RIRTTRTY

Ul

2

;f

o

LA

7

.

v

YAy

[ 4 sl'

L)

.
o

Ko

[

h o

L LY

gl ¢

g € %

At AN

[ i.‘\}'t >

Y

-
&

A ]
A
I.I‘

w2,

Te i

"
L 4

‘, {.'.r_.-r .-

\‘.".l’{
2

PR e

v

vy

h ]

MMM ]

25,
RN

o o

0

'y

[

?(.’a’

A

)

el
’ )

“ %
LI

R A LA

4

3y

L5

id

h)

<

M



-2~

present experiment, a differentially pumped mass spectrometer with a
high-pressure sampling' head 1is attached to the plasma etcher
chamber. with the plasma etcher at a pressure of approximately 100
mTorr, the mass spectrometer, pumped by a 50-1/sec turbomolecular

pump, has a base pressure of 3x10~7 Torr.

Typically, an unmasked sample of (100) silicon was clamped to the

v, ¥

Wy ANy

Fald

water-cooled baseplate -- previous work showed this to be an adequate

ri
.

method of ensuring good thermal contact to the baseplate. The sample
size and doping were 1 cm? and n-type (1 Q-cm), respectively.
Sample masking allowed the etch or deposition depth to be measured
after the run with a surface profilometer. For some of the runs, an
aluminum-masked piece of silicon was used to check the dark etch (or
deposition) rate.

Figure 1 shows the change in the dark etch rate of the silicon,
as the partial pressure of H;, added to ‘the 40 mTorr CFy. 1is
increased from 0 to 30 mTorr (this change corresponds to 0 to 43% of
the total pressure, respectively). The dark etch rate drops an order
of magnitude over this range of H,; concentration. If the H;
concentration is raised above ~ 30 mTorr, deposition of a polymer
layer, instead of etching, occurs.

The differentially pumped, residual gas analyzer was used to lock
at changes in gas-phase components, as a function of H; partial
pressure. It was not possible to monitor fluorine concentration
directly, since fluorine atoms are very reactive and verv few pass
through the orifice into the residual gas analyzer chamber withou=:

reacting via wall or gas-phase collisions. However, it was possible

~c monitor HF concentration instead.
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Figure 2 illustrates the variation in HF signal as a function of
H; partial pressure. The curve indicates that the production of HF
peaks at about 20-mTorr H; partial pressure, then declines. Since
HF production is an important mechanism for scavenging fluorine from
the gas, this implies that as H; partial pressure is increased, the
fluorine concentration falls, then rises again.

Samples coated with a brownish polymer £film during processing
were removed from the reactor and examined with x-ray photoelectron
spectroscopy (XPS) under ultrahigh vacuum conditions. Figure 3 shows
the XPS spectrum of the coated surface. The peak corresponding to
the C 1s 1level appears to have a multiplet structure, with five
partially resolved components indicated by dashed lines. From the
high binding energy side, the components represent, in succession,
trifluorocarbon (292.9 ev), difluorocarbon (290.9 ev),
monofluorocarbon (287.9 ev) alkyloxyl carbon (286.6 eV), and
alkyl/graphitic carbon (284.6 ev).3 The comparable intensities of
all components suggest an extensively fluorinated structure for the
polymer £ilm.

In the Si 2p 1level, the small unresolved broader peak (binding
energy at 102 - 103 eV) corresponds to silicon oxides and possibly
some fluorides as well, although polymer deposition was the
predominate process for these samples. The oxides were probably
formed in air before the samples were placed in the surface analysis
vacuum chamber. The larger peak at 99.3 eV originates from the
silicon substrate.

The results obtained in this set of experiments are consistent

with a process in which the silicon etch rate is limited at lower
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H> concentrations by 1lack of gas-phase fluorine atoms, and at
higher H; concentrations by the formation of a polymer layer on the
silicon surface, which can block reaction sites. The work done by
several other researchers on the role of hydrogen in CF4/Hy
plasmas supports this explaqition. In particular, although the role
of H; in polymerization is very dependent on system parameters such
as total pressure, flow rate, electrode spacing, and RF power, it has
been generally found4:5.6,7 that adding H; to a CF; plasma
reduces the silicon etch rate through a combination of scavenging
fluorine from the gas and forming polymer on the silicon surface.

When unmasked sil;con samples were illuminated with a
weakly~focused 350-nm laser 1light, an enhanced local etch rate was
observed. The laser spot size on the sample was typically -1/4 mm
in diameter. By patterning the laser beam so as to have light and
dark regions on the substrate, the ratio of the laser-enhanced etch
rate to the dark etch rate could be measured as a function of Hj
pvartial pressure. These data are displayed in Fig. 4. In this

experiment, the laser power density was approximately 80 w/emé in

the illuminated areas. From 0 to 10 mTorr of Hy, the enhancement
ratio increased slightly. However, at about 15-mTorr of Hj
rressure, there was a large, abrupt rise in the relative

_ight-enhanced etch rate. After this point, the etch rate again rose

siightly with increasing Hs pressure. The laser has its greatest

(1]
h

f£fect at the higher H; concentrations, where it 1is known from

‘U
®

revious tudies that there is an adequate supply ¢f flucrine in the

gas to allow more rapid etching to occur if the surface is not
Dlocked by polymer deposits.

When the unfocused 350-nm laser output, at an intensity of
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approximately § W/cmz, was used to illuminate the surface of the

e

unmasked silicon sample, formation of the polymer layer was inhibited

bt

e g

at the point of impingement of the laser beam. When the laser beam

;.I

”

was directed on the sample, an area that appeared visually clear of

Ly
7’

polymer film formation resulted. Auger electron spectra were taken
both inside and outside of the illuminated region. Results show a
reduction of at least fifty percent in carbon, oxygen, and fluorine
within the illuminated region. This indicates that the laser
ekposure substantially reduces the amount of polymer formation on the
silicon surface; this reduction allows the etch process to proceed at
a more rapid rate.

In our previous experimentslrz, it was found that
laser-enhancement of the etch process dependéd on the wavelength of
the laser source. This effect was interpreted to be a manifestation

of photogenerated carrier-indgced surface chemistry. With this in

P’\
”
»

mind, the experiment of Figure 4 was repeated using the 647-nm

2

output from the krypton-ion laser, with approximately the same power

" " e

"
T
5

density. It was found that the slow rise in the ratio of

light-to-dark etch rates occurs again. However, the sharp increase
at 15-mTorr partial pressure H, was missing.

The above result may be understood on the basis of a mechanism

NP RFLP NN
RO AR A

based on carrier-induced desorption. It has been previously found in

experiments involving both wet and dry laser-induced chemistry that

L'y

carrier production with UV light results in an increase in

desorption, or other surface reaction rates. This effect results

s
Pl

from the fact that UV light is absorbed sufficiently, <-100A, close

P
44NN

to the solid surface that bulk recombination effects do not reduce
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the photogenerated carrier concentration at the surface8. on the 8-
other hand, for 647-nm 1light, the absorption depth is ~3um, and t
the carrier flux to the surface is greatly reduced. Note that for %
both uv and red light with the given spot size, the sample heating at E
the surface will be essentially the same, although negligible, at E
these power densities. The absence of the sharp etch rate E’
enhancement at 15 mTorr partial pressure when 647-nm light is used E?
may therefore be explained on the basis of carrier induced A
desorption. ii
Two potential applications of this laser-induced process would be §
to increase the anisotropy of silicon etched in a plasma reactor, k;
without increasing the degree of ion bombardment, and to permit R
maskless etching using a projected, .patterned laser beam. With :*
regard to the first application, since the laser light has been shown M
to increase the etch rate in this system, it might be expected to E
change the directionality of the etch as well. To examine this Ef
possibility, silicon masked with a 10-um bar pattern was ;L
illuminated with a weakly focused (~-100um) laser beam, with 15 E;
mTorr of H,; added to 40 mTorr of CF4 in the plasma reactor. ;Z
Profiles were analyzed' using an SEM. Initial results indicate that :E
the 1light vyields a profile which is not only deeper, but also has a .
much cleaner wall and bottom structure than in the unilluminated if
case. E
In conclusion, we have demonstrated that low intensity, cw, uv <l
light at 350 nm can be used to inhibit polymer formation on silicon SE
in a plasma reactor operated with CFy; and H;. The dependence of ?\
the laser-enhanced etch rate, as a function of H; parctial pressure, i\
=
N
=
L G R e A i A A NS
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is due to variations in both gas-phase fluorine concentration and
polymer formation on the silicon surface. Work is currently underway
to try to use this effect to obtain improved anisotropy in the plasma
reactor, without the "damage associated with increased ion flux and

energy.
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Characterization of ultrathin SiO, films formed by direct low-energy ion-beam

oxidation
C.F. Yu, S.S. Todorov, and E. R. Fossum

Columbia Radiation Laboratory and Department of Electrical Eny ineering, Columbia University, New York,

New York 10027

(Received 19 September 1986; accepted 8 December 1986)

Bombardment of silicon ( 100) surfaces at room temperature by an oxygen-containing low-energy
ion beam is studied as an alternative to thermal oxidation to produce ultrathin oxide films. A self-
limiting oxide thickness of about 50 A is obtained by using ions with energy 100 eV or lower.
Auger electron spectroscopy depth profiles of an ion-beam grown oxide and a thermally grown
oxide show very similar composition. Grazing angle x-ray photoelectron spectroscopy indicates
the presence of lower oxides of silicon near the surface. The capacitance-voltage characteristics of
ion-beam grown oxides compare favorably with those of thermally grown oxides.

L. INTRODUCTION

Ultrathin gate oxide films are expected to gain increasing
importance as metal-oxide semiconductor (MOS) devices
are scaled to smaller dimensions. At the same time, low-
temperature processes are already replacing many thermal
fabrication steps in an attempt to minimize damage to the
substrate. Many processes have been proposed as low-tem-
perature alternatives to thermal oxidation of silicon, the
most notable being plasma oxidation and chemical vapor
deposition (CVD).'-* These methods, however, have not
yet produced thin oxides suitable for MOS applications. We
have studied the bombardment of (100) silicon surfaces by
oxygen-containing ion beams and have successfully grown
ultrathin device-quality oxides.*

The composition of the obtained ultrathin oxides is ana-
lyzed by Auger electron spectroscopy and x-ray photoelec-
tron spectroscopy. The oxides are also characterized electri-
cally by studying the capacitance-voltage (C-¥) and
current-voltage (/-}) charactenistics of aluminum-gate
MOS capacitors.

II. EXPERIMENTAL METHOD

Low-energy ion-beam oxidation uses a 2.5-cm-diam sin-
gle-grid Kaufman-type source which produces a Gaussian
ion beam with energies up to 100 eV. The maximum beam
current density at the target is 150 uA/cm?. The source uses
argon and oxygen gases in varying ratios with an oxygen
partial pressure in the low 10~* Torr.

Ion-beam oxide MOS capacitors are fabricated on wafers
which have a 5000-A wet oxide grown at 950 °C and an-
nealed for 30 min at the same temperature in dry N.. The ion
beam is then used to grow tltrathin gate oxides in windows
etched in the thick oxide. The wafers are unheated:; a ther-

. mocouple mounted on the substrate holder indicates typical
temperature rises of < 5 ‘C above room temperature. Alumi-
num is evaporated and patterned to form the capacitors.
After metallization the sample is annealed in forming gas at
400 °C for § min.

Control samples of MOS capacitors with thermally grown
gate oxides are fabricated according to the same procedure.
Here the gate oxides are grown in dry oxygen at 900 °C and
annealed in situ in nitrogen.
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Samples for surface analysis are prepared according to the
same procedure without the aluminum deposition. Surface
analysis was performed using a multiprobe surface spectros-
copy system equipped with a concentric hemispherical ener-
gy analyzer. X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out with the Mg K, line (1253.6¢V)
at 240 W. The system was calibrated from the Au 41, ; level
with a binding energy of 83.8 e¢V. C Is from residual carbon
on the surface was verified to have binding energy 284.6 eV
to eliminate any charging effects. Auger electron spectra
were taken with a 3-keV electron beam with a 1-mm spot size
on the surface. A differentially pumped ion gun was used to
generate 3-keV argon ions to sputter the surfaces. The typi-
cal ion current density used was 1.2 uA/cm’. The system
pressure was kept below 5x107' Torr for XPS and
5% 107 Torr for Auger electron spectroscopy (AES) and
maintained at 2 10~ Torr in argon while sputtering.

lit. RESULTS AND DISCUSSION

Auger eclectron spectroscopy in conjunction with argon
ion sputtering is used to study the depth profile of the oxide
layer. As shown in Fig. 1, the O(KLL) and Si(L¥V) Auger

1 T T 1 1 T L T T
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F16 1 AES depth profiles of thermaily grown and 1on-beam grown oxides
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peak-to-peak signals are plotted as a function of sputtering
time for both an ion-beam grown oxide and a thermally
grown oxide about 50 A thick as measured by ellipsometry.
For the Si(L V'V) emission only the signal from the substrate
is shown because of the greater sensitivity. The close resem-
blance of the two depth profiles indicates that the ion-beam
oxide is of comparable composition to the thermally grown
oxide, except that the latter has a somewhat sharper inter-
face. Because of the limited depth resolution the actual inter-
face for both samples is much sharper than it appears.

Angle-dependent x-ray photoelectron spectra of the ion-
beam grown oxide are shown in Fig. 2 for increasing detector
angles. 8 is the angle between the detector axis and the sur-
face normal. At low detector angles the Si 2p (SiO,) signal is
peaked at 102.9 eV, a typical value observed for very thin
SiO,.* However, at § = 80° where the electron escape depth
is about 5 A, the peak position is shifted to 102.1 eV. This
indicates the presence of lower oxides in the top few layers
due either to the preferential sputtering or to the low mobil-
ity of the oxygen atoms incorporated in the film. The O 1s
peak has an unresolved component which grows in relative
proportion toward higher detector angle and is shifted to-
ward lower binding energy by about 1.2 eV. It has been
shown that the O Is peak due to lower oxides in ultrathin
thermally grown SiO, does not shift more than 0.3 eV.®
Therefore, this component is probably associated with the
radiation damage caused by the ion bombardment. Large
sample size was used to avoid the projection loss at grazing
angle. The large decrease of intensity at & = 80° is probably
due to misalignment of the detector axis and the sample rota-
tion axis. Both the O 1sand Si 2p(SiO,) peaks from the ther-
mally grown oxide (not shown here) appear to be sharper
than the ones from the ion-beam oxide and their shapes do
not change at higher detector angles.

Figure 3 compares the C-¥ and I-V charactenistics of a

T T e ¢ T T

O 1s Si2p
@+ 80° go x50
61 70° x2 10

8= 45°

e

COUNTS /SECOND (orbitrary units)

§+30°
8=0°
n 1 —i !
540 530 110 100

BINDING ENERGY (eV)

F1G. 2. Angle-dependent XPS spectra of 1on-beam grown oxide. The S1 2p
peak with lower binding energy ( ~99 eV), which disappears near grazing
angle. corresponds to the substrate. The peak with hugher binding energy
(~103 eV) corresponds to the oxide.
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Fi1G. 3. Comparison of high-frequency capacitance-voltage and current-
voltage characteristics for MOS capacitors with thermally grown (solid
lines) and ion-beamn grown (dashed lines) gate oxides.

capacitor with an ion-beam grown oxide and a thermally
fabricated capacitor. The thickness of the ion-beam oxide is
56 .&; the thermal oxide is 52 A thick. The ion-beam oxide is
grown using a 100-eV ion beam with a 1°5 zA/cm® maxi-
mum current density at the target. The Ar:O, ratio in the
source is 1:1. The sample is exposed for 6 min leading to a
maximum dose of 2.8 X 10'" cm™?

The I-V curves clearly show that the ion-beam oxide
passes some current—in reverse bias its leakage current is
three orders of magnitude greater than the thermal oxide
leakage current. This may be due to a combination of higher
thermal generation rates and a lower oxide impedance.
Note, however, that the leakage current through the oxide
does not hinder the proper functioning of MOS transistors
fabricated with ion-beam gate oxides.” The leakage current
is more than three orders of magnitude smaller than the
drain-source saturation current. '

A comparison of the C-V curves, however, is much more
favorable. Note that the characteristics are similarly steep in
depletion and in the sharp onset of inversion. The small hys-
teres’s of the ion-beam sampie indicates the presence of some
interface states. Quantification of the interface states is diffi-
cult due to the large leakage current. The threshold voltage
shift of the ion-beam oxide is also indicative of uncompensat-
ed damage to the oxide or substrate. The behavior of the ion-
beam oxide in inversion is easily understood from the /-V
curves—the deep depletion is due to some of the inversion
layer charge leaking away. The observed rise in the C-V
characteristics in inversion is believed due to the coupling of
minority carners from surrounding inverted regions under
the field oxide.

IV. SUMMARY

Low-energy ion-beam oxidation at room temperature has
successfully produced ultrathin films of silicon dioxide suit-
able for use in MOS devices. The obtained fiim composition
1s comparable to that of thermally grown ultrathin oxide
films.

ACKNOWLEDGMENTS

This work was supported by the Joint Service Electronics
Program under Contract No. DAAG29-85-K-0049 and the
IBM Postdoctoral Fellowship Program.

PN A N e
A

A
. B
e s e e v

P
.

i

A

. .
L]

nan e

v
4

v .

c e
g K 44
2k

I
et "o .}&)“




;

on onL 0t PR Pl f
POl R A

e @

oy

A N e e me e e e S e N e e T N e,
N N P P N R A S PO I S PR T L TR A

A N N T O N N T T S F TP I P S

AL74! Yu, Todorov, and Fossum: Characterization ot ultrathin SiO, films 1871

'T. Roppel, D. K. Reinhard, and J. Asmussen, J. Vac. Sci. Technol. B4, 295
(1986).

’S.I. Kimura, E. Murakami, T. Warabisako, H. Sunami, and T. Tokuyama,
IEEE Electron Device Lett. 7, 38 (1986).

’A. K. Ray and A. Reisman, J. Electrochem. Soc. 128, 2424 (1981).

“S. S. Todorov, C. F. Yu, and E. R. Fossum, Vacuum-36, 929 (1986).

J. Vac. Sci. Tuchnol. A, Vol. 5, No. 4, Jul/Aug 1987

*P. J. Grunthaner, M. H. Hecht, F. J. Grunthaner, and N. M. Johnson, J.
Appl. Phys. 61, 629 (1987).

°R. Flitsch and S. I. Raider, J. Vac. Sci. Technol. 12, 305 (1975).

’S. S. Todorov, S. L. Shillinger, and E. R. Fossum, IEEE Electron Device
Lett. 7, 468 (1986). '

A R T AT AT AT NI PR AN

SN LN oS
RTINS

rq

R,

WL eR o ]
v

o« f

LT e T T T o

.a’ ‘.' s o~

r
L

4

¥

-

AP

L

e {“f f‘fﬁl"ﬁiﬂ'

A A AR

TR B S
P

S )
AN

-7

_'t_‘ V|

eCe a e e,
'
L sy



A | fRo cen Aunn 08 He éu—l\orﬂ.ﬁ—w $.lA Shake Devec Y
. B Q:lenrbL Co w&‘%égp&&ﬁ&li“ia \ (9£7 '-:
Py L2 -470. 2

LIGHT-GUIDED ETCHING FOR 111-V SEMICONDUCTOR DEVICE FABRICATION !

¥a 8 A S ¥ XXM T WSS
—— .
L 3
Ly &y

Y
-~
Dragan V. PODLESNIK i
. .\
* Microelectronics Sciences Laboratories and Center for ?i‘
d Telecommunicatons Research, Columbia University, New York City .:.
q New York 10027, U.S.A. :'_:
e
' The rapid, wultraviolet-induced aqgueous etching produces vertical, %::
high aspect features in GaAs samples of different cryetal ’ Y
criertations. Much of the speed and arisotropy of the etching is E
sttributed teo the formation of efficient hollow, optical wavegu:des. }t:
These guides have been characterized by measuring the opticel lose f&

-
|5

and the field distribution within the guide The ortical lose is

tyr;culfy erall and does nct restrict the etching of dee; fea-ures oo
-~
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-
-
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1 INTFODUCTION the third dimens:cn of a esemiccnductcr t\l
Rate anisctropy, which results in a wafer 48 currently being invertigated L
strong spatial directionality, is an 1] e means of providing additional }_t
)
important characterigtisc  ir MAnYy sevTi- electracal interconnecticns 2. in }y-
1]
conductor process:ing operstions. in particular, the interest irn  these ~u
»
Fal
recent years, the work with the aniso- through-wafer interconnections gters ,
tropic etching has focused on its use from three basic goale: to reduce the -t\
A
Fy
for the machining of semiconducter lergth of connections between devices -::
materials. Vertical, high-aspect featu- for faster procereing rates; to redu-e '}:
"
res are an important requirement in the the interference and crosstalk betweer ')}
fabricatiorn of advanced electronic and interconnections: and to reduce tre L__
L]
AN
micromechanical devices{l])]. The c.cse area occupied by interconnect:cns <o SN
oA
spacings and small si1zes of modern the wurface of the semiconductor wafer O
-y
integrated circuits require vertical An exampie ie a CaAs FET with v:ia By
~ -
etching to eliminate the undercutting connections through the substrate’3! )
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microwave frequencies, higher power

denesity, and potentially lower
manufacturing costs than a conventional
CaAs field effect transistor.

Finelly, anisotropic etching has
been extensively used in nonelectronic
applications{l]. Even simple holes and
grooves etched in a semiconductor wafer
(typically silicon) can be utilized for
many applications. One usage 1is the
generation c¢f high precision molde for
microminiature structures. Patterns
etched clear through the wafer can be
aprlied in the area of ink jet printing
technology. In particular, the hole on
the Dbctior of the wafer is uzed as sn
or:fiée. tyrically about 20 um, for an

ink jet stream|1l].

2 MECZHANISMS FOF ANISOTROFY IN ETCHING

Conventionally, etching anjsotropy
in eingle-crystal materiasls is schieved
by relyiny on a crystal plane derendent
Frocess, such as reaction rates in wet
cherical eching. This crystallograph:-
cally seneitive etching has been suc-
cessfully ured to produce deep vertical
features, but its utility is restricted
by the reguirement of epecific and
Jimited crystal orientstions. Localized
electrochem:cal jet etching has been
also used to generate vertical holes in
sericcnducter waferse

Wher etching occure by an 1ion

sssisted reaction, etch rate anisotropy
can be expected, because ions are inci-
dent normal to the wafer surface. When
a semiconductor 1is plasma etched, in-
corporation of an appropriate gas ad-
ditive results in the formation of s
passivating film that prevents eside
vall etching. However, a perfectly ver-
tical, through-wafer feature cannot be
made with fon and electron bear sources
becsuse of the epreading of the parti-
cle beam and loss of the particle flu-
ence with increasing feature depth. In
sddition, the massive particle bombard-
ment produces typically an incurring
darage of the sermiconductor surface.

In thie paper we will show that
laser-induced aqueocus etching with the
vitraviclet beam can be used tc make
deep, high-aspect features irrespective
of crystal orientation. If the laser
beam ie incident normal to the
sericonducter surface, it could Dbe
expected that the light-ass:sted
etching will occur primarily in the
direction of the bear. But, unlike ion
or electron beams, the laser beam is
guided by the etched structure itself
via glancing-angle reflections thus
resulting in the vertical etching. Th:s
waveguid:ng effect coupled with the
rapid etching at low laser internsities
was first seen in the ultraviolet (257

nm) induced agqueous etching of GaAs! 4’ .
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the rapid etching at lov laser intensi-

ties, was first seen in the ultraviolet

induced aQueocus etching of GaAs. Subse-

Qquent experiments have shown it to be a

more general phenomenon, that is appli-

cable to other semiconducting materi-

als, e.g., Si and InP. Light-guided

feature formation is observed when a

focused, patterned, or scanned ultra-

violet laser beam is used. In asll cases

in the ultraviciet, the etched structu-

re confires arc eff.riently transrite

the .ater bear

The p-ee:kilzty tha*

the verticsal,

ultraviclet-:ndised et-t:ng relies on

the ger ol Ttcr c:.etal

anisctropy
“*e etchinc experi-

ments with Gaxs sarpler of different

crystallcgraphic cr:e--sticone. A  weak

cryetallographic de;endence is found,

resulting in average etch rates of

7@ 031 urmirn for the (111)A. (102,

(i1l1C). anrZ respectively

(111} fares,

(Safaafi® a® At et A A lat e flgt Aol
However, perfectly vertical festures
sre obtained for all the etchings.
proving that the crystal orientstion
does not affect the etched profiles.
This charscteristic s important since
it allows maskless etching of vertical,

high-aspect profiles in all crystsllo-

graphic directions. Note that, whereas

the ultraviolet anisotropic removal 3s

virtually independent of crystallogra-

phic orientstion of the sem:iconducter

crystal, vieible light doer show a

somewvhat stronger crystallographic

dependence, ae reported in |8).

Figures 1 to 2 show typical profi:-

les of microstructures such ae Via

boles and welite fcormed through s Gakg

wafer. The slits wvere etched by scar-

ning the wafer perpendicular to the

axis of the laser beam. In all

exper:-

:595‘;:v-r f.fi%f

Fig.1 SE¥ wmr.crograzh of wslite etched Fig.2 SEM micrograph of a etched groove
through a Sale wafer in GaAs: close-up of the side wall.
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ments, the laser beam was focused such

that the beam waist was on the front of
the semiconductor wafer. The entrance
of the structures s well defined and
the surrounding area is undisturbed. A
distinct characteristic of these fea-
tures {s their smooth and vertical side
walls. Their width, typically 2-3 um,
remains virtually constant, independent
of the etched depth. 1In contrast to
thie, the focused laser beam, with the
3 um Vli;t diverges coneiderably over
the ccrresponding distance, ae shown in
Fig. 3 . The messured corfccal Dbeam
parameter ie only 2% wum as corpared,
for example, to the perfectly wvert.cal
etcr through the 20T-uwm-thiz) wafer.
This clearly shows that the processing

bear e corfined inride the hr-llow,

o __T__ -1

Fig.3 Comperison
with free-srace

frcused jgrer Dearn

etched structure which prevents the
beam from diverging.

Because the vertical festures are
created by using a Gaussian beam, one
might think that their profiles should
Ill? appear Caussian. The vertical
wvalls 4is & strong deviation from the
Gaussian shape. ln order to determine a
mechanism for the formation of vertical
vaveguides, we monitored the develop-
mert of hclee, as shown irn Fi:z. 4.
Initially, the etch prof:le is eccer-
tially identical to that of the inc:i-
dent laser beam, as showr in Fig. §.
Hcwever, as the etch depth increaser,
the feature aesumese a tubclar., non-
Caceeiar, profile, Fig &

The initial forration of these

anisctropic features from a foruse2

FOCAL -POINT

L

of the etched profile

propagatior.. of the
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Fig.4 SEM micrograph of the temporal

development of the vertical via hole.

Jacer lear with a bear wvaist of 4 ur
car be caiculated wi:th a model based orn
trhe ute ¢f ray ofptice. The model inclu-
des the very impcrtant angular dejpen-
derce cf reflectivity and absorption,
wr:ch for the case of a lceey, me<al
like material muet be obtained from a
mod.f:e2 version of the Fresriel egus-
tions In this case, the surface sliope,
which is egual to the local incident
arnz.e cf the laser beam, if g:ver by

@iz . r,t)=tar ''dz(¢)/dr(t)) (1)
where z(%) and r{(t) are, respective.y,
tha time-dependent vertical and rasdial
cocrdinates of the surface structure.
The two compcnents of the local inter-
face velocity of removal are given by
(dz dt)={kI(r)(1-R(8))cos(8)|cos(8) (2)
(dr 3= wi{r)(i-R(B))cco(8)lsin(€) (3)
where Jl(r) represents the incident GCau-
seian bear and (] - R(f)) ie the locasl
atecrption The interface veioc:ity, 1in

brezes., 18 aseure? tc be l:inearly prec-

Fig.S 1Initial,

GCasussian-shape etchings
and tﬁe formation of tubular, non

Gaussian profilee.

pertiona., Py the reactior rate cone-
tant k, tc tha local abe:zrbed light
irtensity Tre cos({f) term in Ege. (2)
and (3) repre----¢ the change ir inci-
dent r-wer de; c::e?d or the surface due
to surface t:!* The last term ir Egs.
(2) and (3) rerresente the d:recticra-
lity of etzhirz w.th thie surface tiit.
Materia) removal 18 alwaye perypendicu-
lar to the plane c¢f the surface.

Muring the very initial stages cf
forraticn of, say. 8 hcle, with 8 Gaus-
e:an laser bear, all the angular depen-
dent termg are :nconseguential LY N |
ree..t, initiaily ¢the gpurface gheould
follow the inteneity distribution of
the laser bear Therefore the init:al
fea*_.re w:.! be Cacssian.

As e fea"ire walls bLecore mcre
vertical. the angular-dependent terms
menticne? esrl:e: become more impor-

tant E-er ther. fcr an incident Gaus-

s.ar. lacter Dbear.  tre murface structure
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takes a non-GCaussian shape. Bovever, reflections can have a pronounced

despite this non-Caussian effect, the impact on the developing shape of s

above model will not produce the strik- cylindrical hole
ing features with vertical walle seen All the mode. figures display ar

here. Many of these effects occur be- overall appesrance that ie in agreere-:

cause light begins to be trapped inside " with an sctual via. Eventuslly, a pcr-
and undergoes internal reflections as tion of the side wall becomes sloped tc
the hole despens. Owing to the angle such a glancing angle that the laser
dependent reflectivity, there is still light from the firet strike is corp.e-
enough power reflected off ‘the side- tely reflected. Alsco,when the hole :#
walle to be subtequently abscrbed ss deepr encugr. the @se-cnd strike res

the 1light again etrikes a different ting from the ref.ecticne off =<-«

porticr of the &sgurface. Th.e first bettom dces not affect the shal.~wer

internal reflection., or second strike, parts of the wai.s Wall erce.orn trere-

doer contribute s:gnificartly tc the {fore eventually etops The 1n-:ze-<

format:cn cf the featires Figure 6 bear s ther  opt:cally qgu.ded wrr:_=z- %’
ehowe thie corputer  girm.isticn cf via the hcle, wh:le vertical eschiunp -:--.- :’
hcle development that includes internal nuee at the bottor Under thege ccnZ:- ;$
reflecticne tc the firet crder These tione, etch:ng can bee properiy m:e e? ;

P

ar a self prcpagest:ng wevegu:de

-
»l

In fact, muchk of the speez grz

)

ariseotrory cf the e%tzh:ngy car te a<-r.-

L ]
>
! 7 i buted to the propert:es of these of*:- b
rEPTe :’
' cal waveguide-like feat_.Tee Ir [arz.- -~
cular., the optica. loes ‘¢ Bra... e.e- <
13
WCum for 200- to  30C-ur-thick sarples, anm? t,
doee not sigrnificantly lim:t the et:h :¢
rate with increasing feature depth :
Further, the continustion of etching
-
even 1in the heaviliy solvated @:7 :% a* g\
.t N
the bottor of a deeply etchec fesw_.:re Sﬁ
LY
Fig. & Calcu.ated hole devei.cpren®t with ie indicative of the active che~.s<ry :
Y
LY
(sol1d line) and witheocut (dashed line) induced by the ultraviclet lighe Fe
|
first i1nternal reflection ;‘j
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5 OPTICAL WAVEGUIDE FORMATION

A

o
4
2

0
€
One of the most interesting € y?
- [ 32 b
consequences of the unusual laser 5 )
= LY
chemistry described above 1¢ that it g 6~
W
permits the formation of long cylindri- 8
C e A 257 Am —=
cal tubes or vias in semiconductor wa- 2
e
fers. In fact, they sre minjature, hol- g 2k
2
low semiconductor waveguides. This un- f,
: o L A —i
usual microstructure has suggerted 8 g [ \ 2 3 a
number of novel applications in micro- HOLE DIAMETER ()
electronice and integrated optice, in- Fig 7 Attentuatior coeffic:e-% cf the
cluding vert:cal, high-dens:ty ort.cal hollow GCaAr waegy.:de as g ¢ _--°.c- ;¢
fiber interccnnects, (9] threcgh-wafer hcle d.are-er. meas_.red fcr 2°° nm -+
optical light guides,|10] and high den- 514-nr wave.enoths
8:ty., througr-wafer vias for electrical
irterccrrecticone from the f{rort tc the ry. the mreas_re< a‘"e" .a- Tieff
tacy cf g:licor or Gaks integratecd cient was f Tt ~ee Tgrce- f-o. Loy
citcurte! 3] than fer 27 nr jight S.-¢ Figr opti-
1t waz as.ready esugger-ed tha: the ca. [ DAY LA S N S R L i w. 't
g-1d:n3 cf the laser beam 1s 8. 1mpor- leee eff.cier phot Ve EtTy 1e a
tart facter ir. determi:r:ng via-hcle reassn tha* the v.s.r.e lase:r ligre
pref:les and etch rstes The circular dres ncct exk:ilit % e eare waoeT._ 4. e=
hzllow dielectric and metallic wave- effe-t
g-1dee have Dbeer thcro> *hiy discuesed
by Mar-a*t:l: and Schmelitzer'1l1l} Te [ CONZL''S T ONS
jilustrate scme of the festures of the In thie paper we ha.e prowm the®
hellow seraconductor waveguide, we the rapid. wultresviclet-ind.zed procese “:f
app.ied a simi:lar analysis for the vis produces high-Quality vertica. etch:ing .:;:
hclee etched through CaAs samples The through staridard th:ckneers Salhs walers °
thecry and the experiment shoved ex- This directional etching :e attr:buted N
4
o
ce..ent agreement Figure 7 showe the in part tc the fcrmatior cf effi:cier:s Ly
A
Y
attenuatiorn coefficient of the hollow optical guides., 80 that the laser prec- ';55
CaAe wavegulde as 8 function of hele cessing-bear s gqguided by the etched ’;“
dismeter In sagreement wi:th the theo- structure iteself Apr.icatione of th:e v
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technique to novel ®.ectro-optical

devices and through wafer e.ectrics.

connections are current.ly be:.ng
erp.ored
At this point Fwe. @1 ey

impcrtant Quest:iors rems.- ;n-hnuoroc
For example i the ve:y dee; e'ched
features, tc whe' degree doee cap!..ary
flow caused by concer*ratior or ders.ty

grad.ents inf.uence the e*rhing’ Fur

trerv re v tte £ o rwge L S IS N e
recer STet o Ate tecle e,
it P4 L SOREAER A M »."a‘e e.e .-
f.e.de f-rmad e wems- dprk grd 3 L-

ra*es arear ¢.¢° fi-a- .y 1nf{. e’ e tre
sra;e = f tre G a°"."7 groi.e fprof. e

T wtat de:cee 3 g .:rfae fie.zc Lrlll
er-e trhe e red fept res geer I OUT

eyre- ~e-%e” Trere T.er*.:-Tr af wWe._.

ar *he rat.re cf the w.<ioecop:c che:

m.elry at the sgeviccnducter surface
re~a:- fert:.le gr-.r? for fur<ter
st.ud.er
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ULTRAVIOLET-LIGHT-ENHANCED REACTION OF OXYGEN WITH

GALLIUM ARSENIDE SURFACES

C.F. Yu, M.T. Schmidt, D.V. Podlesnik, E. S. Yang, and

R.M. Osgood, Jr.

Microelectronics Sciences Laboratories, Columbia University,

New York, NY 10027-6699

ABSTRACT

Light enhanced reaction of oxygen with gallium arsenide

surfaces by irradiation with deep-uv, near-uv and visible

. light was studied using Auger electron spectroscopy and x-ray
photoelectron spectroscopy for submonolayer and above
monolayer regimes, respectively. The onset of a strong
; wavelength dependence of the enhanced oxidation was observed

after the oxygen coverage reached more than half a monolayer.

An abrupt threshold for this wavelength dependence was also
y observed at - 4.1 eV photon energy. Photodissociation of O,"
(superoxide ion) formed by the photogenerated carriers can

explain this strong wavelength dependence.
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E 1. INTRODUCTION X
Photon irradiation of semiconductors can nonthermally f

enhance chemical reactions on the surface. This effect has .

. er
"2

A "

been generally attributed to the photogeneration of carriers

ﬁ" [ 4

at the semiconductor surface.! We have observed a strong

g

enhancement of oxidation on gallium arsenide surfaces using

)
.

f-.
AR

deep-uv photons (248 nm, 257 nm), whereas only moderate

'S
e
enhancement was seen using near-uv to visible photons (350 nm ;”
to 514 nm) for experiments were carried out either in E
N
laboratory air ambient or in water solution.’” " This laser- fb
!‘
AN

enhanced oxidation can be used for low-temperature oxide

.
r ]
{

growth and 1is potentially useful for device applications.

!
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AR
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Specifically, 1laser grown oxides have been wused in our

v .
A
v

LA _a

3
1]

laboratory to increase the variation of Schottky barrier

L]

R

heights in metal-GaAs contacts.*

W

In this paper we report the results of a study of the t&
[
~
light-enhanced oxygen reaction with GaAs surfaces both below ‘1

and above monolayer coverage. Experiments were performed

. .- -
v 1""',

inside a stainless steel chamber on clean, well-defined

ey YT
2Ll
2O NS

surfaces irradiated with low-intensity excimer lasers. In

' d

other experiments we observed a wavelength threshold for the

light-enhanced oxidation wusing different argon-ion laser

XX

[
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lines under laboratory air ambient.
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A two-chamber ultrahigh wvacuum system consisting of a
surface analysis chamber and a sample preparation chamber
separated by a differentially pumped load-lock seal was used
in this study. Gallium arsenide surfaces of both (100) and
(110) orientation doped with Si to n = 10'® /cm’ were used in
the experiments. Samples were cleaned with
trichloroethylene, acetone, methanol, deionized water, 50%
NH,OH, and then blown dry with nitrogen. For in situ
experirents, the sample was subsequently placed in the
analysis chamber and subjected to mild argon ion bombardment
(500 eV, 1 pA/cm?*) to remove the residual oxide, and then
annealed at 540°C for 10 min. The sample was then moved into
the preparation chamber filled with oxygen at a selected
pressure. Through a gquartz window a laser beam was
introduced into the chamber and irradiated the sample for
1000 sec. After this process the sample was moved back to
the analysis chamber for surface analysis. An excimer laser
was used to irradiate the sample in the preparation chamber
with either the KrF line at 248 nm (1 mJ/cm’, 100 Hz) or the
XeF line at 351 nm (0.2 mJ/cm?*, 500 Hz). At this low
intensity the transient temperature rise on the surface is
estimated to be below 10°C.® Some of the experiments were
performed ex situ with an argon-ion laser tuned to different

wavelengths at a power density of 50 mwWw/cm®. For these

I'Id

experiments samples were irradiated by the laser under

22O

laboratory air ambient &i-er chemical cleaning.
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X-ray photoelectron spectroscopv (XPS) was used to study
the oxides formed on the surface. Al K« (1486.6 eV)
radiation was used to excite the 2p,,, and 3d core-level
emission for both gallium and arsenic. By making use of the
large binding energy shift of the oxide arsenic atoms
relative to the substrate arsenic atoms, the ratio of the
oxide component to the substrate component can be obtained to
estimate thicknesses between 1 i to 50 R as reported
previously.’ For submonolayer <coverage (> 0.1 ML) of
chemisorbed oxygen, Auger electron spectroscopy (AES) was
used to study the oxygen coverage for its higher sensitivity.
By taking the ratio of the Auger peak-to-peak intensities of
O(KLL) to Ga(LMM) and wusing a layer model,® the fractional
coverage of the oxygen on the surface can be determined up to
a full monolayer. Care has been taken to perform the AES on
a s8pot previously untouched by the electron beam after an
ion-bombardment-annealing cycle to avoid electron beam
effects.’ The pressure of the analysis chamber was kept

below 5x10 !° Torr for XPS and 5x10°° Torr for AES.

II11. RESULTS

The GaAs(110) surface was used here to study the
enhanced oxidation by laser irradiation because it provides a
uniquely defined surface after an ion-bombardment-annealing
cycle.* Results of this study using XPS are shown in Fig. 1.

Samples were cleaned by the ion-bombardment-annealing process
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and then irradiated by laser light in the preparation chamber

. -"“ - .'._-'
' .

filled with 100 Torr dry oxygen. Only As2p,,. peaks are .
f shown because the oxide and substrate components are well i?
o
separated. The upper spectrum is of the surface irradiated k;
<
with 248-nm 1light, the middle one with 351-nm light, and the :}
lower one without any light. Without light irradiation only ;E
' 1.9 i oxide was formed (less than one monolayer). With ?E
irradiation of 351-nm light, 2.6 i oxide was seen--a modest f*
enhancement. With 248-nm irradiation, 9.6 3 oxide was grown
under the same condition. This strong enhancement of :J\
' oxidation by deep-uv light agrees with our previous results? :ﬁ
conducted in laboratory air ambient on GaAs(10C) surfaces. g?
Figure 2 shows the results of the AES study of the Eé
oxygen coverage on the GaAs(110) surface as a function of :*
oxygen exposure with simultaneous irradiation of either 248- ii
nm or 351-nm laser 1light, or without any light irradiation. E;
At lower coverage the enhancement of the oxygen chemisorption ‘:-

« w ‘.'

TA Y N
o

is moderate and comparable for either light source within

s

experimental uncertainties. However as the coverage

AT ]
)

W
s

approaches - 0.7 monolayer, the enhancement of oxidation by

v -
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N e o
Pd
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T ATAA

the 248-nm light 1is seen to increase rapidly, while the
enhancement by the 351-nm light remains moderate. This onset
of strong wavelength dependence is also seen in the results
obtained from the GaAs(100) surface as shown in Figure 3 in
which the rapicd increase of enhancement c¢f 248-nm light

occurs at - G % rmeonolayer coverage. Also noted is that on
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the (110) surface the oxygen coverage is smaller than that on

the (100) surface for low oxygen exposure, indicating a lower

AL

initial sticking coefficient on the (110) surface.

x

L5

e

Figure 4 showe the results of oxide growth as a function

L4

of photon energy using an argon-ion laser to irracdiate

H AT

GaAs(100) surfaces in laboratory air ambient for 20 min with
each of the selected wavelengths. The dashed line at 7.5 R o

represents the natural oxide grown on the surface in the

"!‘ - ‘-"'

L2

course of the experiment as determined from the control ;}
samples. The oxide thicknesses due to light irradiation show Eé
a very sharp contrast for the oxidation enhancement. For ;.
photon energies above - 4 eV the oxidation was about five EE
times faster than for photon energies below 4 eV. $ﬁ

Specifically, oxide growth for 275-nm and 257-nm argon-ion

Ll
LA

laser lines was much more strongly enhanced than that for

SOy
s

307-nm, 350-nm, 454-nm and 514-nm laser lines, respectively.

*y ;-

[N o8

This agrees very well with the results from the excimer laser

L

)

b

study performed in the vacuum chamber, as shown in Fig. 1, Q
"

where the 248-nm laser light shows a much stronger :f
enhancement than the 351-nm light. :'
. ~,

[

1::.—

.

."t ‘y

IV. DISCUSSION AND CONCLUSION

- -.
Bt}
.
v Y
o0

The sharp increase of oxidation enhancement at about 4

)
eV photon energy indicates a threshold phenomenon in the ;:?
reaction. This threshold is close to the dissociation limit é%
of O,° (sureroxide  ion), which has been studied ;;:

6 N
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\ theoretically® and experimentally from the vibrational

Y

states® to be - 4.1 eV. O, has been known to be a

relatively stable 1ionic species in the gas phase from

-

?‘?{"\_’

experiments of loﬁ-enerqy electron attachment to oxygen
molecules'®. The presence of O, on the surface is thought
& to be the result of the attachment of photogenerated
: electrons to the physisorbed molecular oxygen on the surface
and was suggested for the light-enhanced oxidation of both
GaAs'® and Si'? surfaces. While the photodissociation of O,"
is not known to have been performed experimentally, it has
been suggested theoretically®. The photod:scsociation of O,-
through the A - X transition is a much more likely event than

that of the O, because of the selection rule restraint due to

o Q.

reflection symmetry is removed for the O, .° Dissociation

)
of O, will generate very reactive atomic oxygen species and ::
AS
thus cause a strong enhancement effect in the oxide growth. ;:
" ‘-F:.

The strong wavelength dependence of the light-enhanced

-
-
0 .

oxidation, however, was not observed below about half a

monolayer of oxygen coverage, as shown in Figs. 2 and 3,

suggesting that a different mechaniem may prevail in this

' 2R
” .

regime. Bertness et al. have measured the activation energy _;

of oxygen chemisorption on the GaAs(110) with and without Ei

light irradiation below monolayer coverage.'* They found the ;ﬁ

activation energy to be 0.5 eV for dark oxidation and null a;

under 514-nm 1light irradiation. It 1is thought., therefore, EE

A that wunder light irradiation {-7 above-band-gap photon i;
7
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energy), physisorbed oxygens will become dissociatively
chemisorbed immediately /ufter the attachment of
photogenerated electrons as long as there aré available sites
for chemisorption. This can explain the moderate and
comparable enhancement of oxidation by both 248-nm and 351-nm
photons at lower coverage because the photogenerated
electrons are nearly constant in energy over this range of
wavelength.®

Monch has developed a simple model for the saturation
coverage of oxygen on GaAs(110).'! By assuming that
dissociatively chemisorbed oxygen will be incorporated into
two adjacent bonds in the surface Ga-As zig-zag chain, and
that a repulsive interaction occurs between two pairs of
chemisorbed oxygen along the chain, so they have to be
separated at least by one unincorporated Ga-As bond, he
arrived at a saturation coverage of .56% of a monclayer.
Beyond this coverage, further oxidation will occur by the
diffusion of oxygen species through the first layer. We
think that O, would then form in the oxide by the attachment
of ejected photogenerated electrons to the oxygen molecules.
Photodissociation of this species will cause a much stronger
enhancement of oxidation when above-threshold photons are
used. While a direct experimental proof of the presence of
O, and 1its photodissociation is yet ¢to be made, this
mechanism offers a simple explanation for the strong

wavelength deperzerce of the oxidation enhancement. The
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results of this study suggest that the effect of the
nonthermalized photogenerated carriers® seems to play a small
role in the strong enhancement of oxidation by deep-uv
photons as compared to the apparent photodissociation of O,"
In summary, light-enhanced oxidation of GaAs has been
studied with visible tc deep-uv 1laser lines. The strong
enhancement of oxidation by photons of energy higher than 4.1
eV can be explained as the result of the photodissociation of
superoxide ion (0, ) formed by the attachment of
phbtogenerated electrons to the oxygen molecules on or at the

surface.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.
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FIGURE CAPTIONS

Comparison of the oxidation of GaAs(110) with or
without laser irradiation. Shown are the x-ray

photoelectron spectra of As2p,,, level.

AES s8tudy of the oxidation of GaAs(110) as a
function of oxygen exposure with irradiation of
248-nm or 351-nm laser light or without any light
irradiation. Data points beyond one monolayer are

from XIS results.

AES study of the oxidation of GaAs(100) as a
function of oxygen exposure with irradiation of
248-nm or 351-nm laser light or without any light
irradiation. Data points beyond one monolayer are

from XPS results.

Light enhanced oxide growth plotted as a function
of irradiating photon energy. Dashed 1line
represents the natural oxide grown on the surface

in the laboratory air ambient.
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