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Chemisorption of SO2 gas molecules onto photowashed GaAs surfaces results in a change in the 
density of charge at the surface, giving rise to a measurable change in the charge distribution within 
the semiconductor. We consider the development of a novel semiconductor chemical sensor based 
on this phenomenon. The intensity of photohuninescence (PL) from metalorganic vapor phase 
epitaxy grown GaAs/A1e,,Gac7As structures at 300 K is used to detect this change in charge 
distribution. The doping densities and layer thicknesses within these heterostructures are shown to 
have a profound influence on the relative magnitude of PL intensity and its sensitivity to changes in 
the density of surface charge brought about by chemisorption of SO,. New analytical and finite 
element method (FEM) numerical models are derived to quantitatively predict the effect of changing 
surface charge on the PL intensity from finite thickness heterostructure layers. The PL response from 
these heterostructures is shown to follow the trends predicted by these models and suggests that the 
adsorption of SO2 from a 0.6 mol % mixture of SO2 in N2 results in a reduction in the negative 
surface charge density by. 9X 10” to 2X 10” cm-‘. Simultaneous changes in surface recombination 
rates due to adsorption are shown (using the FEM model) to have no effect on the PL intensity from 
the structures studied here. The results are applied to the improvement of signal characteristics from 
a potential chemical sensor device. 0 1995 American Znstitute of Physics. 

INTRODUCTION 

Interactions of semiconductor surfaces with chemical 
ambients have long been known to affect the bulk electrical 
properties of semiconductor devices. This has been a prob- 
lem in most electrical devices, requiring isolation of the 
semiconductor from changing ambients through packaging. 
We propose to use this effect to create semiconductor chemi- 
cal sensing devices. The chemical sensitivity at the surface of 
semiconductors coupled with their useful electrical and opti- 
cal properties make them well suited for use as chemical 
sensors. 

Midgap electrical states existing at semiconductor sur- 
faces or interfaces result in a bending of the semiconductor 
electrical energy bands in a region near that interface. Typi- 
cally a depletion region will exist at the surface of a semi- 
conductor. Changes in the extrinsic surface state density due 
to the chemisorption of gas molecules can result in a change 
in the density of charged states at the surface and, thus, the 
thickness of such a surface depletion region.’ The change in 
the density of surface charge is roughly proportional to the 
density of chemisorbed gas molecules, which, in turn, is re- 
lated to the gas-phase partial pressure of the gas species by 
an adsorption isotherm. Therefore, the partial pressure of a 
gas-phase species that chemisorbs to a semiconductor sur- 
face may be inferred by measuring the change in the surface 
depletion width. This phenomenon may be used as the basis 
for a novel semiconductor chemical sensor device. 

Measurement of photoluminescence (PL) intensity from 
direct band gap semiconductors -has been found to be a 
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good probe of this depletion region at a free surface.2 The 
“dead-layer model”3 and a more sophisticated model by 
Mettle? have been presented to relate the surface depIetion 
width to the PL intensity from a semi-infinite semiconductor 
crystal. Mettler’s model has been shown to reduce to the 
dead-layer model under certain common conditions.4 This 
dead-layer model has been successfully used to estimate 
changes in the depletion width caused by adsorption of gas- 
eous amines? and borane8 onto etched a-CdSe through PL 
intensity data. These measurements were then used to calcu- 
late Langmuir adsorption isotherm equilibrium constants. 

The extremely high density of extrinsic surfacestates on 
GaAs, resulting in “Fermi level pinning” at the surface, se- 
verely impacts GaAs field-effect transistor -performance and 
development, and suppresses the electrical sensitivity of 
GaAs surfaces to chemisorption. Attempts to “unpin” the 
Fermi level of GaAs surfaces have met various levels of 
success. Photowashing, sulfide passivation,8 and thin epitax- 
ial Si interlayers have all been found to reduce the density 
of GaAs interface states. 

The surface of GaAs becomes highly sensitive to 
changes due to chemisorption of gases when the Fermi level 
is unpinned. Wilmsen et al. lo observed the PL intensity from 
photowashed and sulfide-passivated GaAs to be extremely 
sensitive to exposure to air. Meyer” also observed a PL in- 
tensity dependence from photowashed, etched, and sulfide- 
passivated GaAs on gas-phase concentrations of NH3 and 
so2. 

We report the dependence of PL intensity from photo- 
washed GaAs layers in GaAs/A10.3Gao.7As heterostructures 
on the chemisorption of SO;?. The effects of the layer thick- 
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nesses and doping levels in these heterostructures have a 
profound influence on the PL intensity and its dependence on 
SO, concentration.12 We have extended Mettler’s analytical 
model to the case of semiconductor layers of finite thickness 
to quantitatively understand these effects. Further, we have 
developed a finite element method (FEM) numerical code to 
model the PL intensity from complex heterostructures that 
fail to satisfy the assumptions of the analytical model. This 
FEM model is useful for directly understanding the effects of 
changing surface recombination velocities on the PL inten- 
sity and for determining when the assumptions of the ana- 
lytical model will hold. The predictions of these models are 
substantiated by the trends of the experimental results and 
may be applied to the engineering of a novel semiconductor 
chemical sensor for optimum sensor signal characteristics. 

PL INTENSITY FROM FlETEROSTRlJCTURES 

PL is a process whereby incident light is absorbed by a 
semiconductor and re-emitted at different wavelengths char- 
acteristic of the electronic energy levels of the semiconduc- 
tor. At low temperatures, PL spectra are used to measure the 
energy levels of shallow impuritiessand excitons witbin a 
semiconductor. Near room temperature, only a broad PL 
peak centered at the band-gap energy can be discerned. The 
relative intensity of this room temperature PL peak is mod- 
eled here as a function of heterostructure geometry and sur- 
face charge (or surface potential). 

When N photons/(cm2 s) of wavelength X, are incident 
on a semiconductor with an optical absorption coefficient 
cre(h,), the number of photons/(cm3 s) that are absorbed at a 
given depth x is 

G(x)=( 1 -R)Na,e-“YeX, (1) 
where R is the reflectivity of the surface. Each absorbed 
photon with energy greater than the band gap of the semi- 
conductor may produce an electron-hole pair. The photo- 
generated excess carriers. are transported through the semi- 
conductor due to carrier concentration gradients and electric 
fields until they recombine either radiatively or nonradia- 
tively. Upon radiative recombination, a photon with the 
band-gap energy hvP is given off, contributing to the PL 
intensity 

e-+h+-+hv,. @> 
This recombination reaction is first order in IZ and p, the 
densities of electrons and holes, respectively. After subtrac- 
tion of the reverse reaction due to thermal generation, we 
find the net rate of radiative recombination [photons 
emitted/(cm3 s)], 

U=r(n,Ap+p,An+ApAn), (3) 

where r is the rate constant for reaction (2), Ap and An are 
the excess carrier densities, and n, and pe are the equilibrium 
carrier densities. In n-type semiconductors, the radiative re- 
combination rate is usually given in terms of a minority car- 
rier lifetime, r,. , as U= Ap/rr . For consistency, we consider 
the equations for n-type regions, though p-type is completely 

analogous. Since the equilibrium minority carrier density pe 
is usually very small, the second term of Eq. (3) may be 
neglected and r,= [ r(n, + An)] - ‘. Further, for low intensity 
exciting iight, An%n, and the last term may be treated as a 
perturbation or neglected altogether. 

The intensity of PL is proportional to the integral of the 
radiative recombination rate in the regions with band gap 
hvP that does not get reabsorbed, 

PLE 1 Ap(x) e - apxdx 
-I, \ , (4) 

J ” A’LeJ 

where self-absorption of emitted photons is considered in the 
term containing CX~, the optical absorption coefficient of the 
emitted light, and the proportionality constant is related to 
geometric factors and the quantum efficiency. 

The radiative lifetime 7,. may also be expressed as a 
function of position by solving for the electron distribution 
n,(x). We may express the equilibrium electron density in 
terms of the negative electric potential rp or the Fermi energy 
Ef by 

n,=q, exp( - g) =NC9-t12( v), 

where q is the elemental charge, k is the Boltzmann constant, 
T is the temperature, nh is the electron density in a charge 
neutral bulk in which 4~~0, N, is the effective density of 
states, E, is the conduction band energy, and F&v) is the 
Fermi-Dirac integral of order i/2.13 Thus, the PL intensity 
may be calculated by solving for the potential distribution, 
C&V), and the excess hole distribution, Ap(x) . For moderate 
excitation powers, the photogenerated carriers do not signifi- 
cantly change the charge distribution through the semicon- 
ductor and the solution of the two distributions may be 
solved independently. 

POTENTIAL DISTRIBUTION 

The solution for the potential distribution within a semi- 
conductor is equivalent to the solution for the band bending, 
since the potential may be expressed as a direct function of 
the electron energy by solving Eq. (5). In the case of nonde- 
generate semiconductors, qcp(x) = E,(x) - ECb where 
E,(x) is the energy of the conduction band at an arbitrary 
point and ECb is that energy in the charge neutral bulk. The 
equilibrium potential distribution may be calculated from 
Poisson’s equation, 

d240 P(CP> 
dxz -‘ EiEO ’ (6) 

in each region of material i with dielectric constant, ei, in 
which the charge distribution is given by 
p=q(p, - n, + Ndf -N,). The individual charge densities 
are determined by Fermi-Dirac statistics14 [e.g., Eq. (5)]. 

At the interface between different layers in a heterostruc- 
ture, a boundary condition is given by a discontinuity of 
potential, 
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w r + 

n-type 

where D, is the hole diffusion coefficient, .FL~ is the hole where D, is the hole diffusion coefficient, .FL~ is the hole 
mobility, @x)=dqldx is the electric field, and 7p is the hole mobility, @x)=dqldx is the electric field, and Q-~ is the hole 
lifetime given by 

1 -= L+L* 
Tp Tr 7, 

(10) 

T,, is the nonradiative lifetime due to recombination through 
deep-level traps or Auger processes. 

photogenerated holes 
Surface and interface states often exist in midgap and are 

a common nonradiative recombination pathway. The flux of 
holes to the surface due to surface recombination is usually 
given in terms of a surface recombination velocity, s, 

FIG. 1. Results of FEZM calculations illustrating the band bending in an 
n-GaAs/n-AIO,,Gac,As heterostmcture. The GaAs layer is doped 3X1016 
cm-‘3 n type. The density of equilibrium electrons in the GaAs layer is 
indicated by the distance above the conduction band edge. The density of 
photogenerated holes under a flux of 10” photons&m* s) at 458 nm is 
indicated by the distance below the valence band edge. An infinite surface 
recombination velocity was assumed. 

(7) 
where AE, is the discontinuity in the conduction bandI and 
(E,-Ef)bi is the difference between the conduction band 
and the Fermi energies in material i when it is charge neutral. 
GaAs and AlGaAs form type I (nested) heterojunctions and 
have been found empirically to have AE,=0.6AE, .13,16 An 
additional condition at the interface is given by Gauss’ law 

interface- ‘OE2 dx intetiace= g’ (8) 

where cr is an interfacial charge density. At the surface, the 
surface charge density is given by N, and the electric field 
outside the semiconductor is zero. Deep in the semiconduc- 
tor substrate wafer, the potential goes to zero. 

We have written a numerical code to solve this nonlinear 
differential equation self-consistently. A system of linear al- 
gebraic equations were constructed for the solution on dis- 
tinct nodes using the FEMt7 and solved iteratively using the 
Newton-Raphson method.‘* Simple two node elements were 
used and the mesh refinement was chosen based on approxi- 
mate analytical solutions. This code employs the full Fermi- 
Dirac statistics and converges quickly to the solution even 
when the initial guess is p(x) =O. The computed band bend- 
ing for a typical structure under study is pictured in Fig. 1 
along with the equilibrium density of majority carriers. 

PHOTOGENERATED EXCESS HOLE DISTRIBUTION 

The distribution of photogenerated excess holes through 
a semiconductor layer is described by the general transport 
equation’4”6 

HAP ~ =D 
dt p $+/lp 2 C~~UPI- -$$ 

rate of change diffusion drift p. recombmatmn 

+N( 1 -R)cr,emnex, 
generation 

(9) 

1 
Q jp I interface= SDp AP I interface 3 (11) 

where j, is the hole current. Similarly, an interfacial recom- 
bination velocity will describe the recombination between 
layers. The value of this recombination velocity is dependent 
on the density and energy of the interface states in either of 
the above cases. Excess- carriers may also be transported 
across junctions but we consider here heterojunctions with a 
large potential barrier. 

We have written a FEM code to solve the steady-state 
differential equation for the excess hole distribution. The 
same element scheme used in the solution for the potential 
was used here. The radiative lifetime r,.(x) and the electric 
field 8(‘(x) were determined from the solution of the potential 
distribution. Calculated results of the photogenerated minor- 
ity carriers in a typical structure under study are also shown 
in Fig. 1. Values of 7,. and D, were taken from the 
Iiterature19 as a function of doping density. The recombina- 
tion velocity was taken to be 100 cm/s at the heterojunction 
and infinity at the surface. Notice that even with an infinite 
surface recombination velocity, a significant density of pho- 
togenerated holes may’exist in the depletion region at steady 
state. The effects of changing surface recombination velocity 
will be discussed later. The integration in Eq. (4) was com- 
puted numerically using the trapezoidal rule to calculate the 
relative PL intensity. 

ANALYTICAL SOLUTION 

Analytical models of the PL intensity from a semi- 
infinite semiconductor have previously been derived by Holl- 
ingsworth and Sites3 and Mettler.2 In both derivations, the 
surface depletion region is assumed to emit no PL and is thus 
said to be a dead layer. This assumption is justified by the 
fact that the minority carrier lifetime in the depletion region 
is significantly greater than in the bulk due to the depletion 
of majority carriers. Additionally, the photogenerated excess 
carriers in the region are quickly swept away by the electric 
field. While Hollingsworth and Sites assumed that all of the 
carriers generated in the charge neutral region away from the 
dead layer eventually contributed to the PL intensity, Mettler 
solved for the excess minority carrier distribution in the 
charge neutral bulk of a semi-infinite semiconductor and 
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compensated for self-absorption as in Eq. (4). In this section, 
we derive an analytical expression for the PL intensity from 
a semiconductor layer of finite thickness. 

Poisson’s equation (6) may be solved analytically near 
the surface by assuming a rectangular charge distribution in 
the depletion region and complete impurity ionization. This 
results in quadratic band bending in the depletion region of 
width, 

NS 
w=N,--Nd. (12) 

where N, is the density of surface charge, N, is the acceptor 
density, and Nd is the donor density. 

Band bending near an n-n heterojunction results in an 
accumulation region on one side and a depletion region on 
the other.” The width of the accumulation region is charac- 
terized by the Debye length while the width of the depletion 
region may be estimated again using the assumption of com- 
plete ionization within the depletion region. In the following 
derivation, the widths of the heterojunction space-charge re- 
gion within the layer of interest will be represented by xh. 
The band bending at the n---n heterojunction as calculated by 
the FEM analysis may also be seen in Fig. 1. ‘We consider PL 
emission only from the charge neutral region of thickness, 
tt=(t-w---h), between the two space-charge regions. PL 
from the depletion regions is neglected for the reasons given 
previously. PL from the accumulation region is neglected 
only because the excess carriers are swept away by the elec- 
tric field. 

Since the equilibrium potential is constant in the charge- 
neutral region, the radiative lifetime 7r may be taken as a 
constant in Eq. (4). The electric field in this region is identi- 
cally zero, so the drift term in Eq. (9) is eliminated. 

Mettler defined an empirical “virtual” surface recombi- 
nation velocity S, at the edge of the surface depletion region 
analogous to the surface recombination velocity of Eq. (11) 
to define the boundary conditions for the domain of interest, 

It includes effects from transport in the space-charge region 
as well as the recombination at the actual surface. We also 
define a virtual interface velocity Sh at the edge of the het- 
erojunction space-charge region in a similar manner. 

Making the transport Eq. (9) dimensionless at steady 
state and using the virtual recombination velocities for 
boundary conditions results in the differential equation, 

I d2P 
2 s-P=eWnbr, OGzGl, 

subject to the boundary conditions 

(14) 

dP 

z z=o 
-apoPIz=O=O, 05) 

dP -4 ,I, --U&PI,,~=O, 
-Iv=I 

by making the following definitions 

(t-+)--w X-W 
fJI 

LP ’ 
z= (t-xh)-W, b=ap > 

po=S,L, ID /,, PI=S,,L,ID P’ 

APD, 
‘=-- N(l -R)L,b 

e+aeW 
’ 

(16) 

(17) 

where L, = G is the hole diffusion length, and S, and 
Sh are the surface and heterojunction interfacial recombina- 
tion velocities, respectively. The solution of Eq. (14) subject 
to Eqs. (15) and (16) is 

P=fle-“Z+fie+az+f3e-abz, 

where 

081 

wo- 1) (b+Po) ~- 
f1=-f2 (Pot-l) (b”--l)(l+poj’ i21) 

The intensity of the PL is calculated by integrating Eq. 
(4) from x = w to (t- xk) resulting in 

02) 

where d=apLp. This solution reduces to Eq. (10) in Ref. 2 
as the thickness of the active region, t--x,-w, becomes 
much larger that the diffusion length (i.e., a-+~). 

On the accumulation side of an n-n heterojunction, /?t 
will be very small since the direction of the electric field in 
the accumulation region will tend to inhibit transport of holes 
out of the neutral region. This assumption is shown to be 
good from the FEM results presented in Fig. 1. If we assume 
that &Q 1, PO9 1, and L,> ni t > ai ’ then Eq. (22) reduces 
to 

PLKN(~ -R) z e 

A comparison of the PL intensity from a structure with two 
different surface depletion widths assuming /3,%-b or that p0 
does not change with a change in surface potential, results in 

PL, ‘~-e-~p(f~-A~) 

pL,= i 1 - eMapt 
,-h,+ap)Aw 2 

Ilen -1 
P t,-Aw 

-----e -(a,+ap)Aw 

fl 
, 

(24) 

m 
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FIG. 2. Predicted effect of GaAs layer thickness on sensitivity of PL inten- 
sity due to a change in the depletion width, Aw=-0.02 m  under 458 nm 
excitation light. Predictions of the dead-layer model (solid line) (Ref. 3), 
Hobson’s model (dotted) (Ref. 21), and this work (dashed) are shown. 

where Aw=w2--w,. This model reduces to the dead-layer 
model when the PL emitting region is much thicker than the 
change in the depletion width (i.e.; t14Aw) Hobson et al.“’ 
derived a similar expression without considering interfacial 
recombination or the redistribution of photogenerated cani- 
em. The predicted effect of thickness from various models is 
shown in Fig. 2. Equation (24) predicts a much greater effect 
of layer thickness on the PL intensity changes than Hobson’s 
model. 

EXPERIMENT 

A series of n-GaAsln-AlasGaa7As heterostructures were 
grown by metalorganic vapor phase epitaxy (MOVPE) for 
this study. The structures consisted of a l-pm-thick barrier 
layer of Alo.sGaa~As preventing hole current from the sur- 
face GaAs layer to the substrate. The structure as grown is 
pictured in Fig. 3. Samples were grown with GaAs doping 
levels ranging from 5X lOI5 to 5X lOI7 cm-s as characterized 
by C-V measurements. A semi-insulating (100) GaAs sub- 
strate was used to minimize contributions to the PL from the 
substrate. 

MOVPE growth was performed in a low pressure (78 
Torr) horizontal reactor.” GaAs substrates on a graphite sus- 

semi-insulating 
GaAs substrate 

FIG. 3. Structure of heterostructure sample as grown by MOVPE. 

ceptor were heated by rf induction to 750 “C. Epitaxial layers. 
of GaAs and AIZGa, -,As were deposited using trimethyla- 
luminum [TMA), trimethylgallium (TMG), and amine as 
precursor species in a high purity hydrogen carrier gas. The 
V/III ratio was maintained at 40 for high quality material but 
was further increased to 80 near the critical heterojunction 
interfaces to ensure minimal deep level interface states. A 15 
s interruption of the cation sources into the reactor provided 
a very abrupt junction. The semiconductor films were doped 
n-type using disilane. 

The doping densities in the heterostructure layers were 
characterized by electrochemical capacitance profiling.” The 
alloy composition of the A&Gal -,As layers was determined 
to be 30%22% Al using a photovoltaic spectrometer and 
confirmed by double crystal x-ray diffraction rocking curves. 

The thickness of the GaAs surface layers was found to 
be 2.OkO.2 pm by cross-sectional scanning electron micros- 
copy (SEM). Structures with thinner surface GaAs layer 
thicknesses were prepared by chemical etching for 75 s in an 
etch solution of 3:1:30 volume ratio of (concentrated aque- 
ous NHs):(30% H,O.J:[high purity de-ionized (DI) water]. 
This solution was found to etch GaAs at a linear rate of 0.85 
~m/min and resulted in a smooth, flat etched surface. The 
thickness of the etched GaAs layers was found to be 1 .Ot0.2 
,um, also by cross-sectional SEM. 

A photowashing procedure24 was followed to reduce the 
density of surface states once a sample of appropriate thick- 
ness was prepared. The GaAs sample was first degreased 
with successive rinses of trichloroethylene, acetone, isopro- 
panol, and DI water. The native oxides were than removed 
by soaking in hot 1:l HzS04:H,0. A very shallow etch 
(co.1 pm) was performed by etching for 30 s,in a 1:8:500 
solution of HzS04:H202:H20. A 5 min rinse under high pu- 
rity DI water ensured that the etch was sufficiently quenched. 
The sample was mounted on a vacuum chuck and spun at 
2000 rpm under a constant stream of DI water and high 
intensity light from an ELH projector bulb for 20 min. This 
process is believed to form an As-free Ga,O, layerZ5 and thus 
reduce the density of midgap surface states. The sample was 
spun dry and immediately placed in a desiccator which was 
fushed with N, for transport to the PL experimental appara- 
tus. 

The prepared sample structures were removed from the 
desiccator and immediately mounted in a small Pyrex 
vacuum chamber with 2.2 slpm of dry nitrogen flowing at 
atmospheric pressure. PL from the samples at the wavelength 
of peak intensity was measured continuously as 0.6 mol %  
SO2 was periodically introduced. Flow rates were controlled 
by mass flow controllers while the pressure was maintained 
near atmospheric. 

The excitation light of 458 nm was provided by an argon 
ion laser. This wavelength light was chosen because its short 
penetration depth (ai t = 0.05 pm)” is expected by Eq. (24) 
to elicit a larger change in PL than lower energy light. A 
portion of the laser beam was split off and monitored with a 
Si photodiode to ensure constant laser power. The remaining 
laser beam was passed through a line filter, chopped at 500 
Hz, and directed at the sample. The power density incident 
on the sample was approximately 640 mW/cm2 correspond- 
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FIG. 4. PL spectra from a sample with a 2-pm-thick n-GaAs layer doped 
3~10’~ cme3 at two different times (as indicated in Fig. 4) under (a) 0.0% 
SO,, (b) 0.6% SO, in flowing Nz. 

ing to a flux of about lo’* photons/(cm2 s). Light emitted 
from the sample was focused into a 1 m monochromator 
through a 715 nm cutoff filter to eliminate the reflected laser 
light. The slits were opened to 3.0 mm for maximum signal 
and a diffraction grating blazed at 630 rnn was used. The 
light intensity was measured with a liquid-nitrogen-cooled 
Ge detector with good radiant sensitivity from 800 to 1500 
nm. The 500 Hz component of the signal was maximized 
from a lock-m amplifier and recorded on a personal com- 
puter. 

RESULTS AND DISCUSSION 

A PL spectrum over the range 800-900 nm was recorded 
under nitrogen flow to determine the peak emission wave- 
length. The maximum of this broad pe.ak was consistently 
found at 872 nm, coincident with the room temperature 
band-gap energy of GaAs. A simi+r spectrum was recorded 
during flow with 0.6% SO,. Figure 4 shows the PL spectra 
from a 2 ,um GaAs layer doped 3X 1016 cmV3 n-type both 
with and without SO, present. The same peak positions were 
observed with and without SOz,.,indicating that the sample 
temperature did not vary significantly with SO;! concentra- 
tion. Previous experiments had shown the PL intensity and 
peak position to be highly sensitive to sample temperature. 

The PL intensity at 872 nm was monitored as a function 
of time while SO, was periodically introduced into the nitro- 
gen flow. Figure 5 shows a typical result of the variation of 
PL intensity with time. The times at which the two spectra in 
Fig. 4 were taken are also indicated in Pig. 5. 

The intensity of PL in Fig. 5 varies considerably with 
time. Two important features of this variation are common 
for all the samples. Fist, the intensity of PL decays expo- 
nentially in about an hour after photowashing, independent 
of SO, concentration. This is probably due to a “repinning” 
of the surface Fermi level corresponding to a degradation of 
the photowashed surface by oxidation.25 While no studies 
have been performed to indicate how much oxygen is re- 
quired to repin the photowashed GaAs surface, the 99.99% 
N2 used apparently contained enough residual oxygen and/or 

10 20 30 40 50 60 70 80 
Time after Photowashing (min.) 

FIG. 5. PL intensity at 872 nm from the sample with a 2-pm-thick n-GaAs 
layer doped 3 X 1016 cm-’ as a function of time after completing the photo- 
washing procedure. Points (a) and (b) indicate the peaks of the spectra in 
Fig. 4. The dashed line shows the assumed baseline PL (with no SO&. The 
concentration of SO;! in the Eowing N2 is also plotted using the scale on the 
right. 

water to reoxidize the GaAs surface. The time constant of 
degradation is consistent with that reported elsewhere.7 Sec- 
ond, an enhancement of the PL intensity in the presence of 
SOa above that expected without SO2 may be seen. The as- 
sumed baseline (expected PL intensity without SOJ is 
shown in Fig. 5 as a dashed line. Upon initial introduction of 
SO,, a large, rapid enhancement of the PL intensity above 
the baseline occurs, but decays to a small, steady enhance- 
ment. The PL drops back to the baseline when the SO, is 
removed. Subsequent reintroduction of SOP results only in 
the small, steady enhancement. Notice that 2% SO, results in 
only a slightly larger enhancement of the PL intensity than 
0.6%, indicating that the sites for surface adsorption are 
nearly saturated at these concentrations. This enhancement of 
PL intensity above the baseline appears to be fairly reversible 
and reproducible, but was significantly reduced after several 
hours due to the degradation of the photowashed surface. In 
further discussion, the steady fractional increase in PL inten- 
sity above the baseline will be used as an indication of the 
sensitivity of the various sample structures to electrical 
changes at the surface due to chemisorption of SO?. 

The initial rapid rise and slow decline to a steady value 
of the PL intensity on the first introduction of SO2 is prob- 
ably due to irreversible reactions on the photowashed surface 
that change the surface charge density greatly during the in- 
termediate steps but by a decreasing amount as the reaction 
proceeds to completion. The kinetic effects observed there- 
after may be due to several factors. The rise and fall of PL 
with a change in SO, concentration was on the order of 5 
mm as may be seen in Fig. 5. The time response of the mass 
flow controllers was about 6 s, while the residence time in 
the chamber was only 3 s. The slow changes may be ex- 
plained by slow adsorption/desorption kinetics of SO, onto 
the surface. Perhaps a more likely explanation is slow charge 
carrier transport through the thick surface oxide [reported to 
be up to 95 nm of Ga,O, (Ref. 24) using this photowashing 
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PIG. 6. Relative magnitude of PL intensity from GaAs layers with various 
doping densities and thicknesses approximately 30 min after photowashing. 
2 pm layers are indicated with triangles. Layers etched to 1 m are indi- 
cated by squares. The lines show the predictions of the FJZM model assum- 
ing the surface is pinned at 0.8 eV above the valence band. The dotted line 
shows the noise level of the detector. 

procedure]. The effect would then be a result of slow elec- 
tronic surface states. 

The relative magnitudes of the PL intensity at 872 nm 
observed for all the samples are plotted in Fig. 6. These 
values were taken as proportional to the signal from the 
lock-in amplifier divided by the laser power. The measure- 
ments were taken prior to addition of any SOz, approxi- 
mately 30 min after completing the photowashing procedure. 
The PL peak from the sample doped 5X lOi cms3 was be- 
low the noise level of the detector and thus unable to be 
measured. The predicted trend of the PL intensity with dop- 
ing density and thickness of the GaAs layer using the FEM 
model described earlier is also shown in Fig. 6. These values 
were calculated assuming that the Fermi level at the surface 
is pinned 0.8 eV above the valence band and are shown as 
lines. The data and predictions both show a monotonic in- 
crease in the PL intensity with increasing doping density, but 
the data appear to increase more gradually than the predic- 
tions. This may be due to the unpinning of the surface Fermi 
level by photowashing, which should increase the PL inten- 
sity from lightly doped samples more than from heavily 
doped samples. Also, nonradiative recombination, which was 
not considered in the predictions, should be greater at higher 
doping levels. The effect on PL intensity of etching the GaAs 
layer to a thickness of 1 ,um was small, as predicted by the 
model. While the model predicted a very slight decrease in 
PL intensity, we were unable to distinguish any change 
within the experimental error. 

The enhancement of PL intensity upon SO, introduction 
is believed to be caused by a change in the density of 
charged surface states upon SO, adsorption to the GaAs sur- 
face as discussed previously, though a change in surface re- 
combination velocity has also been proposed by Meyer.” 
Burk et ~1.~ has shown that the PL’intensity is not affected by 
changes in the surface velocity as. long as the flux of photo- 
generated carriers from the charge-neutral region into the 

5 

Distance 

PIG. 7. The density of photogenerated holes under a flux of 10” 
photons/(cm’ s) at 458 nm in the GaAs layer pictured in Fig. 1 as calculated 
by the FEM code assuming surface recombination velocities, s, of 100, lo’, 
and 00 cm/s. 

surface depletion region is large enough [see the assumptions 
of Eq. (24)]. Until now, it has been difficult to determine 
when this condition is satisfied because this carrier flux is 
determined not only by surface conditions but by the bulk 
transport properties of the semiconductor material and the 
electric field in the depletion region. The FEM calculations 
performed in this work directly allow this effect to be con- 
sidered. Figure 7 shows the calculated photogenerated hole 
distribution using a wide range of surface recombination 
velocities.26 While the distribution of excess carriers in the 
surface depletion region is vastly different for different sur- 
face velocities, it is nearly identical in the charge neutral 
region and, thus, the PL is negligibly different. Other similar 
calculations have shown that only for nearly flatband GaAs 
surfaces, does the surface velocity play an important role in 
determining the PL intensity. The chemisorption of SO2 in 
these experiments most likely changes both the surface 
charge density and the recombination velocity at the GaAs 
surface. Our FEM numerical results, though, have shown 
that the PL intensity changes observed may be accounted for 
solely by the changing surface charge density. 

The steady state enhancement of the PL intensity caused 
by introduction of 0.6% SO2 into the ambient N, flow is 
plotted in Fig. 8 for sampies of various thicknesses and dop- 
ing densities (shown as large points). These values were cal- 
culated as the fractional difference in the PL signal with 
0.6% SOz from the estimated baseline PL. The predictions of 
both the FEM model (small points) and the analytical model 
using Eqs. (24) and (12) (lines) indicate that the observed PL 
enhancement due to SO, adsorption may be explained by a 
reduction in the density of negative surface charges by 
9X10’ to 2X 10” cme2. The data and model predictions 
clearly indicate a trend of larger sensitivity to changes at the 
surface from lightly doped GaAs layers than from heavily 
doped material. The effect of reducing the GaAs layer thick- 
ness to 1 ,zrn was to increase the sensitivity very slightly. 
This small increase in sensitivity from the 1 ,um layer was 
also predicted by our models. The predicted difference 
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PIG. 8. Sensitivity of PL intensity to changes in surface charge from GaAs 
layers with various doping densities and thicknesses. Large points show 
experimentally determined changes due to 0.6% SOP added to the N, flow. 
Small points (IBM) and lines [Bq. (24)] show the results of model predic- 
tions for a reduction by 9X IO9 and 2X 10” cm-s in the density of negative 
surface charge. 2 ,um layers are indicated with triangles and solid lines. 
Layers etched to 1 pm are indicated by squares and dashed lines. 

between 1 and 2 ,um layers, as seen in Fig. 2, though, is 
within our experimental error. According to Eq. (24), a large 
increase in sensitivity may only be achieved by reducing the 
layer thickness to about the depletion width, so that t, m Aw, 
which is typically on the order of 10-1000 A. Attempts to 
use layers of 0.5 ,um thicknesses were unsuccessful, since 
the PL intensity at room temperature fell below the noise 
level of the detector. 

CONCLUSIONS 

We have derived analytical and numerical models to pre- 
dict the effects of various parameters on the intensity of PL 
from semiconductor layers of finite thickness. The analytical 
model can predict trends in the sensitivity of the y1--n het- 
erostructures studied here quite well, but the assumptions 
break down when a significant fraction of the PL intensity 
comes from the space-charge regions of the layer. Also, the 
analytical model cannot directly consider the effects of 
changing surface recombination velocities. Our FEM nu- 
merical model relaxes some of the assumptions of the ana- 
lytical model, allowing these effects to be considered. The 
results of this model can then be used to show when the 
assumptions of the analytical model should hold. 

The data and predictions presented here clearly show the 
trends of PL intensity and its sensitivity to SO, adsorption 
with the doping density of the semiconductor surface layer. 
For future studies of adsorption to GaAs surfaces and the 
eventual development of optical semiconductor chemical 
sensors, it is desirable to measure a strong signal (low noise) 
and have a large sensitivity to electrical changes at the sur- 
face. There is a tradeoff in the effect of semiconductor dop- 
ing density in this respect: The largest, most easily measur- 
able PL signal comes from the heavily doped samples, while 
the largest sensitivity to changes at the surface occurs with 
the lightly doped samples. 

By reducing the thickness of the surface GaAs layer, the 
sensitivity to changes at the surface from these structures 

may be increased. It is, though, impractical to use this fact to 
significantly improve the sensitivity of the structures studied 
here because the relative magnitude of the PL intensity drops 
drastically at the thicknesses required. Other novel structures 
that may take advantage of thickness effects are presently 
under investigation. 

Adsorption isotherms, such as those in Refs. 5 and 6, 
may, in theory, be constructed to calculate adsorption equi- 
librium constants, but present signal-to-noise ratios of our 
measurements do not allow accurate measurements at low 
concentrations. Continued efforts to raise signal-to-noise ra- 
tios using novel structures will allow such measurements and 
calculations to be made. 

The instability of the photowashing surface preparation, 
as exhibited by the exponential decay of the baseline PL and 
reduced sensitivity after several hours, presented serious dif- 
ficulties in this study. Future studies will greatly benefit from 
a surface preparation that results in a more stable unpinned 
surface. Alternative surface preparations are also currently 
under investigation. 
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