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Transverse diffusion of minority carriers confined near the GaAs surface plane 
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Spatially separated second-harmonic generating and photocarrier exciting light beams were em
ployed to study transverse diffusion of carriers confined near GaAs(00l) surfaces. The measurements 
utilize the intrinsic sensitivity of second-harmonic generation to surface charge density in order to 
probe these processes. Carrier transport was found to be diffusive with small effective diffusion 
coefficients compared to those of carriers in the bulk. Several models are considered to explain these 
results. 

Many years ago an elegant experiment by Haynes and 
Shockley elucidated the drift of a pulse of minority carri
ers through a bulk semiconductor. 1 The packet of carriers 
was observed to broaden as a result of diffusive processes, 
and to attenuate as a result of recombinative processes. 
In this paper we present analogous measurements of mi
nority carrier diffusion near the surface of GaAs. Just as 
studies of bulk diffusion have proved invaluable for de
vice design over the years, 2•3 additional knowledge about 
near-surface charge diffusion may also be of use in the 
analysis of transport in lower-dimensional devices such 
as quantum-well heterostructures.4 We find that near
surface minority carrier diffusion is quite different from 
the bulk. These differences are proposed to arise through 
the effects of charge traps and near-surface charge recom
bination. 

In our experiment we do not use electrical contacts, 
instead we use spatially separated photocarrier excit
ing and second-harmonic generating (SHG) light beams 
to study charge transport (see Fig. 1). The cw laser 
beam creates surface charge through the photoexcita
tion and drift of minority carriers in the GaAs deple
tion field. This additional surface charge diminishes 
the depletion electric field within the excitation beam 
waist. A second, spatially sepamted SHG beam probes 
surface charge transport. In particular, we utilize an 
effect observed recently,5 whereby near-surface second
harmonic generation in GaAs is modulated by surface 
charge-density changes. Because of the substantial band 
bending near the interface, the minority carriers are con
strained to move near (within 10 nm) the surface plane 
of the sample. 6 Diffusion takes place primarily in two 
dimensions, parallel to the GaAs surface plane. Our 
measurements suggest that surface charge transport is 
isotropic and diffusive, with small diffusion coefficients 
relative to the bulk. 7 Temperature-dependent measure
ments indicate that charge traps play a prominent role 
in the diffusion of both holes and electrons. 

The present experiments probe lateral, near-surface 
minority carrier diffusion. In this case the physics of 
diffusion is dominated by properties of the surface re
gion. Our measurements exploit the intrinsic sensitivity 
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of SHG to the depletion electric field,s-io and demon
strate a noncontact methodology by which to probe near
surface transport processes. Recently, SHG-based mea
surements have been used to probe diffusion of neutml 
species such as surface absorbates through their effects on 
surface nonlinearities. 11 By contrast the present experi
ments probe the motion of charge, utilizing their field
induced perturbation of the bulk second-order nonlinear 
optical susceptibility. 5 •9 We note that other noncontact 
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FIG. 1. A 10 Hz Nd:YAG pumped dye laser, with~ 50 µm 
sample spot size, was used as the fundamental probe light for 
the SHG measurements. An Ar+ ion laser was used as a cw 
photocarrier excitation beam, and its transverse beam profile 
on the sample was a narrow rectangle (~ 2.5 cm long, ~ 4 
mm wide) with sharp (S 50 µm) edges on all sides. The 
long edge of the excitation beam was made parallel to the 
sample [010] axis. The photoexciting beam edge is at x = 0, 
and a schematic drawing of the photoexcited surface minority 
carrier density with diffusion length L is plotted as a function 
of the distance x. 
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methodologies have been employed to study the lateral 
decay of photoinduced carrier effects.12 The nonlinear 
techniques presented here differ from these other meth
ods primarily as a result of their symmetry dependence, 
and intrinsic interface sensitivity. 

GaAs(0Ol) has a zinc-blende crystal structure and 
carries a single nonzero bulk second-order susceptibility 
x£~z, whose contribution to the output SH radiation is 
highly anisotropic. In the p-in-s-out polarization con
figuration, with the crystalline [100] axis in the plane of 

incidence, 13 the output SHG intensity from x£~z is max
imized. More importantly, in this polarization configura
tion the detected SHG intensity is insensitive to higher
order contributions from the bulk magnetic dipole and 
electric quadrupole transitions.14 Our GaAs(00l) sam
ples were doped with Si ( n type) and Be (p type) at 
low density (1016 cm-3 ), and were grown on an undoped 
GaAs substrate by molecular-beam epitaxy. The sample 
surfaces were typically As terminated, and exposed to 
air. Since the As oxides are more volatile, we believe our 
oxide surfaces are primarily Ga oxides with a thickness of 
30 - 40 A. The sample surface appeared to remain stable 
for months as observed by Auger electron spectroscopy. 
Experiments were performed in air. 

A 10 Hz Nd:YAG (yttrium aluminum garnet) pumped 
dye laser operating at 925 nm, with ~ 50 µm sample 
spot size, was used as the fundamental light source for 
the SHG measurements (see Fig. 1). The energy per 
pulse was ~ 50 µJ. The photon energy of the fundamental 
laser beam was chosen to be near the band gap of GaAs 
so that the dominant contribution to the second-order 
susceptibility x£~z arose mainly from transitions between 
the top valence band 1rs) and the two lowest conduction 
bands lr1), lr6 ) at the r point in the Brillouin zone of 
GaAs. 15 An Ar+ ion laser operating at 457 nm, and with 
intensity at 300 µW /cm2 , was used as a cw photocarrier 
excitation beam. The absorption length of the excitation 
beam ($ 0.1 µm) was less than the depletion length of 
GaAs (~ 0.4 µm for doping density~ 1016 cm-3 ).16 The 
transverse excitation beam profile on the sample was a 
narrow rectangle (~ 2.5 cm long, ~ 4 mm wide) with 
sharp ($ 50 µm) edges on all sides. The long edge of the 
excitation beam was made parallel to the sample [010] 
axis (see Fig. 1). 

Photoexcited carriers can diffuse out of this excitation 
region parallel to the GaAs surface plane. We assume 
that charge motion is well approximated by a diffusion 
equation under these circumstances, so that the surface 
charge density u as a function of distance x along the 
[100] axis (x = 0 defines the edge of the photocarrier 
excitation beam) is given by 

(1) 

Here the diffusion length L = ✓DeffT depends on the 
effective carrier diffusion coefficient Deff and lifetime r 
near the surface. u 0 is the photoexcited minority car
rier surface density at the edge of the photoexcitation 
beam. This surface charge density is approximately 1011-

1012 cm-2.17 In our analysis of the diffusion process, 
we make the standard electrical neutrality assumption.18 

That is, we neglect the effects of the internal electric 
field due to the photoexcited minority carriers. Experi
mentally, we checked this assumption by studying charge 
diffusion as a function of excitation beam width (which 
was varied from 2 mm to 5 mm). By changing the beam 
width, we are effectively changing the transverse electric 
field due to minority carriers. No variation in diffusion 
was observed within our experimental error of~ 2%. 

The escape depth of the SHG output photon at 2.68 eV 
was ~ 0.1 µm, less than the depletion width in all of our 
low doping samples. We approximate the near-surface 
depletion electric field as a constant over this escape 
depth. As a result of the minority carrier diffusion, the 
depletion electric field along the [001] direction (normal 
to sample surface) is perturbed by the minority carriers, 
i.e., 

8E(x) ~ u(x) (x > 0). 
(; 

(2) 

Here E is the dielectric constant of GaAs and 8E repre
sents the change in depletion electric field due to photoex
cited carriers. To leading order, we expect the variation 
of our SHG output intensity J(2w) as a function of the 
distance x from the photoexciting beam edge to be of the 
form5 

(3) 

I 0 n(2w) [Ioff(2w)] represents the SHG intensity measured 
when the photoexciting beam is on (off). a is a con
stant that depends on dipole transition matrix elements 
and the unperturbed depletion electric field. Because the 
probe beam spot size is around 50 µm, much less than 
the observed minority carrier diffusion length, the surface 
minority carrier density within the probe beam spot was 
approximately constant. Higher-order field corrections in 
the [001] direction brought about by the transverse gra
dient in minority carrier density outside the probe beam 
spot were neglected.19 In addition, the transverse fields 
(in plane) resulting from the minority carrier density gra
dient were too small to affect Xya,z• 

The observed variation of the SHG enhancement 
[I0 n(2w)/J0 ff(2w)] as a function of distance x from the 
excitation beam edge is plotted in Fig. 2. The solid lines 
represent our best fits to the data using Eq. (3). In the 
case of n-type (p-type) samples, the variation of surface 
charge density is due to photoexcited holes (electrons). 
In all cases, the diffusion model appears to account for 
our observations. The diffusion length of the electrons is 
larger than that of the holes. From a fit of the data, we 
determined the hole (electron) diffusion length Lh (Le) 
to be 2.83±0.09 mm (7.01±0.13 mm) at room tempera
ture. Interestingly, the observed surface diffusion lengths 
are at least one order of magnitude larger than pure bulk 
carrier diffusion lengths. 7 We measured these diffusion 
coefficients as a function of temperature from ~ 250 to 
350 K for both n- and p-type samples. Our temperature
dependent observations will be discussed later in the pa
per. Further experiments revealed that the photo excited 
carrier diffusion processes were isotropic in the surface 
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FIG. 2. A typical diagram of the variation of SHG output 
from n-type (p-type) GaAs plotted as a function of distance 
x from the photoexciting beam edge, x = 0 at room temper
ature. [ 00 (2w) [lotF(2w)] represents the SHG intensity when 
the photoexciting beam is on (off). The solid lines are our 
best fits. The error represents the standard deviation of mul
tiple measurements on multiple samples. The hole (electron) 
diffusion length Lh (L,) is 2.83 ± 0.09 mm (7.01 ± 0.13 mm). 

plane. For example, we rotated the sample through an 
angle ¢ (0° s ¢ S 90°) about the [001] axis. No varia
tion in diffusion was observed under these circumstances. 
Finally in previous experiments5 we have found that mi
nority carriers at the surface live long before recombining. 
In these experiments the photoexciting beam overlapped 
the probe beam, and the probe spot was much smaller 
than photoexciting beam area so that diffusion effects 
were negligible. Carriers in both n- and p-type samples 
exhibit approximately the same lifetimes of T ~ 25 s. 

Given these observations, we considered three possible 
mechanisms for the surface carrier diffusion: (1) free car
riers diffusing in near-surface bands; (2) activated free 
carriers diffusing and trapping between bands and local
ized states (see Fig 3); and (3) variable-range hopping 
(VRH) or fixed-range hopping (FRH) of trapped car
riers. Several pieces of evidence enable us to rule out 
pure free carrier diffusion. First, the ratio of electron and 
hole surface diffusion coefficients derived from diffusion 
length and lifetime measurements, i.e., ~ ~ ( f:-)2 ~ 
6.1, is nearly three times smaller than the bulk ratio,7 

D bulk ( ~ ~ 22). In addition, we observed an increase of 
h 

the diffusion length at higher temperatures. This sug-
gests that the surface carrier diffusion process is not a 
result of purely free carrier motion in the near-surface 
bands, but is some sort of thermally activated process. 
Finally, since the surface acts like a sink for free minor
ity carriers, it is unlikely that purely free carriers would 
exist near the surface over long periods of time. 22 

A priori there are several mechanisms that can be in
voked to explain our temperature-dependent results. One 
possible mechanism for near-surface minority carrier dif
fusion is an active diffusion process which may involve 
free carriers. In such a model (see Fig. 3), minority car
riers excited within the depletion region drift to the sur-

face, and are trapped quickly by interfacial defects in a 
time Tc (10-6-10-10 s). 22 Before recombining and leav
ing the surface, however, these carriers can be excited 
thermally from the traps into free carrier states near the 
surface. Let Te represent the average time a trapped car
rier resides in a trap before it is thermally excited into a 
surface free carrier state. Thermally excited free carriers 
will diffuse along the surface until they become trapped 
again (usually Tc « Te)- The effective diffusion coeffi
cient of the quasifree carriers will depend on the trap
ping time (re), the excitation time to reexcite thermally 
out of the trap (re), and the scattering time of the free 
carrier in the near-surface bands, T 8 (usually T 8 « Tc)• 

A simple analysis demonstrates that the effective diffu
sion coefficient Deff ~ (vfree) 2 r,+r" • Here Vfree is the free 

'Te Tc 

carrier velocity in the near surface bands. Vfree depends 
on the effective mass of the near-surface minority car
rier. We see that the role of traps is primarily to reduce 
the amount of time an electron or hole spends as a free 
carrier. Since the SHG signal is only sensitive to the de
pletion electric field, carriers affect the SHG signal in the 
same way whether trapped or free. We anticipate that 
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FIG. 3. Schematic of the mean-square displacement (8r2 ) 

of the minority carrier as a function of time. The solid line 
indicates the carrier diffusion process with a free carrier dif
fusion coefficient Drree (large positive slope) and the carrier 
capture by traps for a time Te (flat line). The dashed line 
(with relatively small positive slope) represents the effective 
diffusion process (with effective diffusion coefficient Deff) that 
we observed. Here Tc is the trapping time for the free carrier, 
and Te is the time required for the carrier to become reex
cited out of trap. The inset is a schematic diagram of the 
energy and position of a minority carrier (p-type sample) that 
is excited, diffuses, and is then captured again. Figures are 
intended to convey ideas and are not drawn to scale. 
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a substantial amount of trap excitation and deexcitation 
occurs during the carrier lifetime T near the surface. In 
the case of Tc << Te, we expect Vfree ~ v"f, and 7 8 ~ Tm 
where m is a constant. The temperature dependence of 
the effective diffusion coefficient in this model is of the 
form 

(4) 

Here a and n are constants, and k is the Boltzmann con
stant. E is the energy difference between trap states 
and the free carrier band ( conduction band for p type 
and valence band for n type). Experimental data and 
fits for typical n-type GaAs are plotted in Fig. 4. In to
tal we found that n = -0.l (-0.04), and E = 21 meV 
(17 meV) for n-type (p-type) samples. Errors were~ 5%. 
This model suggests that shallow trap states just below 
the conduction band (p-type samples) or above the va
lence band (n-type samples) affect the carrier diffusion 
process. 

The other possible diffusion process involves hopping 
of carriers from trap to trap. The most common theo
ries considered in this regard are VRH and FRH between 
localized traps. 20 In the case of VRH, the diffusion coeffi
cient Deff is predicted to be temperature dependent and 
of the form Deff ~ e-(To/T)". Here To is a positive con
stant. The exponent s is 1/3 (1/4) in two-dimensional 
(three-dimensional) systems. 21 A plot of ln(Detr) as a 
function of T-• with s = 1/3 for a typical n-type GaAs 
sample is shown in Fig. 4(a). The solid line is our best fit 
to the VRH model. In the model of FRH, the diffusion 
coefficient is of the form D eff ~ e (-EI kT) • A typical plot 
ofln(Detr) as a function ofT-1 for a typical n-type GaAs 
is shown in Fig. 4(b). In this case, we find the excitation 
energy Eis 19 meV (16 meV) for n-type (p-type) sam
ples. The latter result gives an activation energy quite 
similar to our first model involving free carrier activation 
and trapping. 

Our temperature-dependent data are insufficient to 
distinguish between the latter three possible carrier dif
fusion mechanisms, but clearly demonstrate that bulk 
free carrier mechanisms are unlikely. Recalling the re
lationship between the diffusion length, the diffusion co
efficient, and the carrier recombination time, i.e., L = 
J DetrT, we find that the effective diffusion coefficient is 
2 x 10-2 cm2 /s (3 x 10-3 cm2 /s) for electrons (holes). 
By comparison, bulk GaAs at the same doping density 
has the bulk diffusion coefficient, D bulk ~ ( v }:,~~k) 2 7 :ulk, 

of220 cm2/s (10 cm2 /s) for electrons (holes). 7 The bulk 
diffusion coefficient is three orders of magnitude larger 
than the effective diffusion coefficients obtained near the 
surfaces. Furthermore, the ratio of electron and hole dif
fusion coefficients in the bulk is nearly three times larger 
than the ratio observed at the surface. Clearly near
surface bands and surface traps may play an important 
role in the carrier diffusion process. In the model of ac
tivated free carrier diffusion, the surface carrier diffusion 
process can involve extra, trap-related time scales (-re, Te) 

relative to bulk free carriers. The diffusion coefficients de-
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FIG. 4. Diffusion coefficients as a function of temperature 
for a typical n-type GaAs sample. The solid line is our fitting 
according to the activated free carrier diffusion model (see 
Fig. 3.). Inset (a) shows ln(Deff) as a function ofT- 1 / 3 for 
n-type GaAs. The solid line is a linear fit according to the 
VRH model. Inset (b) shows ln(Deff) as a function ofT-1 for 
n-type GaAs. The solid line is a linear fit according to the 
FRH model. 

crease as a result of the capture of free carriers by traps. 
On the other hand, either VRH or FRH might also ac
count for the observed diffusion. All models suggest that 
shallow trap states play an important role in the diffu
sion process, however, the temperature-dependent data 
are not of sufficient dynamic range to distinguish these 
mechanisms. 

In conclusion, we have used spatially separated pho
toexciting and second-harmonic generating light beams 
to study near-surface carrier diffusion processes. We find 
the diffusion is isotropic with a small effective diffusion 
coefficient relative to pure bulk. A possible mechanism 
for this motion is through an activated diffusion process 
which involves surface traps and may involve free carri
ers. Future work will include studies of the properties 
of interface states utilizing these ideas, and more care
ful studies of diffusion using time-dependent methods in 
more well-characterized systems. 
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