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Effects of electron cyclotron resonance etching on the ambient
(100) GaAs surface
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Photoreflectance has been used to study the electronic behavior of the ambient~100! GaAs surface
and its modification by etching in a Cl2 /Ar plasma generated by an electron-cyclotron resonanc
~ECR! source. We observed two pinning positions for ambient~100! GaAs, withn-GaAs pinning
near midgap andp-GaAs pinning near the valance band. ECR etching shifts the Fermi level
p-GaAs toward midgap, but has little effect onn-GaAs. The surface modification is most influenced
by the rf power. Auger electron spectroscopy indicates that the etching increases As at the G
oxide interface. We suggest that the Ga/As ratio controls the position of the Fermi level. ©1995
American Institute of Physics.
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The decreased dimensions and increased complexit
semiconductor device structures have produced a need
better control over materials growth and processing. Wh
fine control in epitaxial growth has existed for many yea
this is not the case in the etching of semiconductors. In
etching, there are two requirements for the production
electronic devices: large throughput and high aspect r
geometries. These are fulfilled through a balance between
chemical and the physical sputtering components of
etching processes. The chemical component consists of
active gas, which in combination with an ion beam sign
cantly enhances the etch rate. Anisotropy is maintained
the sputtering component through energetic and directio
ions. As a result, dry etching techniques such as reactive
etching ~RIE!, chemically assisted ion beam etchin
~CAIBE!, and plasma etching with an electron cyclotr
resonance~ECR! source have replaced wet chemical etch
in many areas of device fabrication.

A side effect of using energetic ions is that significa
electronic damage can occur at the surface and in the bul
order to minimize etch damage, low energy ions~below 100
eV! are required. At these levels, however, the etch rate
techniques such as CAIBE and RIE are significantly reduc
With an ECR source, on the other hand, ion fluxes and
energies can be controlled independently. Therefore, it
comes possible to maintain high etch rates using low ene
ions. Consequently, etch damage can be significantly redu
without sacrificing throughput.

In this work, we have studied changes in the electro
properties of GaAs surfaces induced by etching with
Cl2 /Ar plasma generated by an ECR source. The contact
optical spectroscopy of photoreflectance~PR! and specially
designed GaAs multilayer structures1 were used to probe th
Fermi-level pinning position at the GaAs/oxide interfac
while Auger electron spectroscopy was used to identify
chemical composition of the interface.
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The structures used in this study were undoped GaA
layers that were grown by molecular beam epitaxy~MBE! on
n1or p1 buffer layers and will be referred to as UN~ n1

buffer! or UP~p1 buffer!. The buffer layers had doping den-
sities in the range of 1–231018 cm23 and were 1.0mm
thick. The undoped layers had a thickness of 1500 Å for bot
the UN and UP structures. Because in the buffer the Ferm
level is either in the valence~UP! or conduction~UN! bands
while at the surface it is pinned near midgap, a constan
electric field is produced in the undoped layer. This configu
ration ensures that changes in the surface potential are tran
ferred directly to the electric field in the undoped region. The
combination of a constant field and low lifetime broadening
leads to photoreflectance spectra that are characterized
many Franz–Keldysh oscillations~FKO!, allowing us to ac-
curately determine the built-in field.1 Similar types of struc-
tures were recently used in studies of GaAs surfaces1,2 and
their modification by sputtering,3,4 chemically assisted ion
beam etching,5 and chemical passivation.6

The photoreflectance apparatus used in this study h
been extensively described in the literature.7 The probe light
was a monochromatic beam created by passing white lig
from a 100 W quartz halogen lamp through a SPEX14 m
monochromator. The PR pump beam used to modulate th
surface field was a 0.25 mW green~5430 Å! HeNe laser
mechanically chopped at 400 Hz. The probe light was re
flected from the sample and then detected with a Si photod
ode. The signal from the photodiode was analyzed by
lock-in amplifier in order to extract the change in the reflec
tivity induced by the pump beam. The pump laser and prob
beam had power densities of 5031026 W/cm2 and 1
31026 W/cm2, respectively.

Two sets of UN and UP samples were used in the ex
periments: one set was etched, while the other was not. Th
etched and unetched pairs were 1 cm2 neighbors from the
same region of a larger wafer. PR measurements from all o
/95/66(22)/3054/3/$6.00 © 1995 American Institute of Physics
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the samples prior to etching showed variations in surfa
electric fields of less than 5% across a wafer. This indica
that surface fields were uniform over the wafer.

Two samples, one UN and one UP, were always etch
side by side in the ECR chamber. PR spectra were ta
before and after the etching process. Auger electron spect
copy was performed on a control piece and its etched nei
bor.

The etching was performed in a plasma generated by
ECR source on top of an rf-powered electrode. The sourc
a multipolar plasma disk source surrounded by twelve p
manent magnets, and is driven at 2.45 GHz. The ion ene
can be independently controlled by the 13.56 MHz rf pow
supply. The distance between the sample stage and the E
source is adjustable between 7 and 27 cm. Cl2 gas was in-
troduced into the etch chamber through a gas ring situate
cm below the wafer stage, while Ar gas was introduced
dially through the base of the ECR source.

The ion flux was varied by changing the microwav
power, while maintaining a fixed self-induced dc bia
uVdcu, of 100 V. A Cl2 /Ar chemistry of 20% Cl2 at 0.5 mTorr
and a 12 cm source-to-sample distance were used in the e
ing. In order to maintain a constantuVdcu, the rf power was
increased from 31 to 47 W as the microwave power w
increased from 0 to 500 W. In all cases, the etch depth w
kept constant at;350 Å. The ion energy was varied by
changing the rf power. The sample-to-source distance was
cm and the Cl2 /Ar mixture contained 30% Cl2 at a pressure
of 0.6 mTorr and a microwave power of 50 W. Increases in
power from 20–300 W produced changes inuVdcu from 77–
484 V.

Photoreflectance can be used to measure the buil
electric field in a semiconductor because under a const
applied electric field the PR line shape can be approxima
as8

DR

R
;Vp cosF43 SE2Eg

\u D 3/21fGexpS 2
G~E2Eg!

1/2

~\u!3/2 D , ~1!

whereE is the photon energy,Eg is the energy gap,G is the
lifetime broadening, andVp is the photovoltage induced by
the pump laser. The quantityhu is the electro-optic energy,
and is related to the electric field,F, and the reduced inter-
band effective mass along the direction of the electric fie
m i@5(me

211mh
21)21#, through \u5(e2uFu2\2/2m i)

1/3.
BecauseDR/R exhibits a periodic behavior, the built-in elec
tric field can be determined from the period of the oscill
tions ~FKO!, using:

np5
4

3 SEn2Eg

\u D 3/21w, ~2!

whereEn is the energy of thenth maxima.
It has been shown that in UN/UP structures, the pho

voltage produced by the pump and probe beams can sign
cantly reduce the barrier height.3,4 For GaAs this can be
minimized by performing PR measurements at sample te
peratures above 350 K.2–4 In that case, the electric field ob
tained from Eq.~2! is related to the Fermi-level position by
VF5Fd2Vd , whered is the undoped layer thickness an
Appl. Phys. Lett., Vol. 66, No. 22, 29 May 1995
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Vd is a correction due to band filling. For all of our PR
measurements, we used sample temperatures of 300 and
K.

Shown in Fig. 1 are 300 K photoreflectance spectra f
unetched~solid! and etched~dashed! UN @Fig. 1~a!# and UP
@Fig. 1~b!# structures. The etch conditions consisted of a m
crowave power of 50 W and an rf power of 300 W. In eac
spectrum we see many FKO, indicating the existence of
sizable electric field in the undoped layer. The first thing
note about the data is that for the unetched samples,
period of the FKO for the UN structure is greater than for th
UP sample, indicating different surface fields forn- and
p-GaAs, further suggesting different pinning positions fo
electrons and holes.

ECR etching increases the period of the FKO, indicatin
a larger surface field. This increase in field can be caused
two effects: a reduction in the thickness of the undoped r
gion and an increase in the surface potential. It is importa
to note that in the case of the etched samples, the period
the UN and UP structures are very similar, indicating that th
pinning position of one of the samples has changed.

Shown in Fig. 2 are room temperature Fermi-level pos
tions for the UN and UP samples as a function of the se
induced bias,uVdcu ~rf power!. The Fermi-level positions of
the unetched samples agree well with previously report
data for ~100! GaAs2,6 and show the two different pinning
positions forn- andp-GaAs. We also see that the Fermi-leve
position of the UN samples is hardly affected by changes
uVdcu~ion energies!, whereas the Fermi-level position of the
UP sample moves away from the valence band and stabili
near midgap.

FIG. 1. Photoreflectance spectra for~a! UN and ~b! UP structures before
~solid! and after~dashed! ECR etching. The undoped layer thickness is 150
Å for the unetched and 818 Å for the etched samples.
3055Glembocki et al.
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We also studied the Fermi-level pinning position as
function of ion flux~microwave power!. These samples were
etched with a fixeduVdcu of 100 V. In this case, we found tha
the pinning is independent of the ion flux, suggesting that
energy and not ion flux is responsible for changes in
electronic properties of the ECR etched surface.

Auger electron spectroscopy was performed on an
etched control sample and one that was etched with a s
induced dc bias ofuVdcu5375 V. Measurements were pe
formed through the native oxide, as well as after Ar i
sputtering of the native oxide. Prior to sputtering, the inte
sity of oxygen Auger peaks was the same in the etched
control samples, indicating similar amounts of oxygen
both. We found Ga/As ratios of 1.3 and 1.0 for the cont
and etched samples, respectively, suggesting that the sto
ometry of the oxides was different. After sputter removal
the oxide, the etched and control samples had Ga/As ratio
1.61 and 1.56, respectively, which is characteristic of sp
tered, bulk GaAs. This shows that the etched sample had
As rich oxide and allows us to correlate the motion of t
Fermi level toward midgap to the presence of As at t
GaAs/oxide interface.

These results have important implications. The first
the verification of the existence of two distinct states at
GaAs/oxide interface, which pin the Fermi level different
for n- andp-GaAs. Pollak also observed two pinning sites
untreated~100! GaAs and their values of pinning position
are similar to those reported here.2 This is in contrast to
earlier work that found that the Fermi level always pinn
near midgap for bothn- andp-GaAs. The contrasting result
can be understood if one assumes that the Fermi-level
ning position is dependent on the stoichiometry of the Ga
oxide interface. By ECR etching of GaAs, we have demo
strated that this indeed is true. The important result lies in
fact that ECR etching produces an oxide in which the Fe
level of the UP samples shifts toward midgap forp-type
samples, and remains virtually unchanged forn-type materi-

FIG. 2. The Fermi-level pinning position of the UN~circles! and the UP
~squares! as a function of self-induced dc bias. All energies are relative
the top of the valence band~vb!.
3056 Appl. Phys. Lett., Vol. 66, No. 22, 29 May 1995
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als. Furthermore, this shift is correlated with the presence of
excess As at the GaAs/oxide interface. This allows us to
suggest a model for the GaAs/oxide interface.

Certain chemical species, such as oxygen and chlorine,
that might be expected to influence the Fermi level pinning
can be eliminated by considering the Auger and PR results
together. Because Auger spectroscopy shows no chlorine in
the oxide, we believe that Cl induced interface states at the
GaAs/oxide are highly unlikely. In the case of oxygen, even
though adsorption of oxygen on~110! GaAs leads to differ-
ent pinning positions inn- andp-GaAs,8 Auger spectroscopy
indicated similar levels of oxygen for both the etched and
control samples.

We suggest that the surface states in ambient GaAs are
not related to the presence of extrinsic chemical species, bu
are related to the stoichiometry of the GaAs/oxide interface.
This is consistent with two different models for the pinning
of semiconductors: the effective work function model
~EWFM! of Freeouf and Woodall9 and the advanced unified
defect model~UDM! of Spiceret al.10 In the EWFM, the
pinning is determined by an effective work function obtained
from the various species at the interface, while in the UDM
the pinning is caused by antisite defects such as
AsGa and GaAs . In both cases, excess As pins the Fermi
level near midgap, while excess Ga pins it near the valence
band. While our measurements cannot distinguish between
the two, one might speculate that the EWFM is more appro-
priate. This would be the case because the UDM would re-
quire the excess As or Ga to occupy very specific sites,
whereas the EWFM does not.

In summary, we have used photoreflectance and Auger
electron spectroscopies to characterize the etch damage i
GaAs etched with an ECR source. We found that the etch
had little effect on the Fermi level inn-GaAs, but caused a
significant shift of thep-GaAs Fermi level toward midgap. In
addition, we found that the oxides of the ECR-etched
samples were As rich in comparison to native oxides on un-
etched samples. We suggest that the damage is related t
changes in the stoichiometry of the oxide. Finally, it was
shown that rf power most influences the surface damage,
with little noticeable effects from the microwave power.
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