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ABSTRACT
We report here a general theory describing photoelectron transportation dynamics in GaAs semiconductor photocathodes. Gradient doping
is incorporated into the model through the inclusion of directional carrier drift. The time-evolution of electron concentration in the active
layer upon the injection of an excitation pulse is solved both numerically and analytically. The predictions of the model are compared with
experiments via a carrier-induced transient reflectivity change, which is measured for gradient-doped and uniform-doped photocathodes
using femtosecond pump–probe reflectometry. An excellent agreement is found between the experiments and the theory, leading to the
characterization of key device parameters, such as diffusion constant and electron decay rates. Comparisons are also made between uniform
doping and gradient doping for their characteristics in photoelectron transportation. Doping gradient is found to be able to accelerate electron accumulation on the device surface. These results offer new insights into the dynamics of III–V photocathodes and potentially open a
new avenue toward experimental characterization of device parameters.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057458
I. INTRODUCTION
Negative-electron-affinity (NEA) III–V semiconductor photocathodes have been widely used in night vision, ultraviolet detection, polarized-electron generation, and photon-enhancement in
emission tubes.1–3 Compared to traditional metal- or alkali-based
photocathodes, III–V photocathodes are able to achieve higher
quantum efficiencies (QE).4,5 Recent studies have further indicated
that the use of exponential doping structures in the active layer of a
III–V photocathode can help enhance the QE.6–8 It has been suggested that such enhancement is due to the built-in electric field
caused by the gradient of doping concentration in the active layer.
As a result, in such photocathodes, the photoelectrons can be transported toward the surface through both diffusion and directional
drift.9,10 In prior studies, theoretical models have been developed to
describe the impacts of drift on key specifications of NEA GaAs
photocathodes, such as diffusion length and QE.9,11 However, all
the existing theories are based on the steady-state analysis, which
assume the photocathode is under a constant illumination of light.
Meanwhile, an important application of III–V photocathodes is
the generation of electron bunches using pulsed lasers.12–15 Pulsed
lasers have also been utilized to investigate the carrier-diffusion
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dynamics in GaAs photocathodes.12,13,16 The existing steady-state
theories are incapable of describing photoelectron transportation in
these cases, and a time-dependent dynamic model has become necessary. Previously, we have developed a diffusion model to explain
the behaviors of photoelectrons in a uniform-doped GaAs photocathode following its excitation by a femtosecond laser pulse.16,17 In this
article, we generalize the theory to incorporate a built-in electric field
and thereby include carrier drift. As such, the model is capable of
describing devices with arbitrary doping gradients. We further verify
the model by comparing it with experimental results from femtosecond pump–probe reflectometry (PPR) measurements.16,18 Good
experiment–theory agreements are realized, demonstrating the effectiveness of the theory in modeling real devices. Comparisons are also
made between uniform doping and gradient doping to examine their
differences in electron transportation dynamics and the impact of
doping gradient on surface charge accumulation is discussed.
II. THEORETICAL MODEL
Our theory is built upon a two-layer model previously developed for uniform-doped GaAs photocathodes.16 To incorporate
directional carrier drift, we first note that in a gradient-doped
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semiconductor photocathode, the p-type doping concentration
varies exponentially with depth (such a device is also known as
exponential-doped). Mathematically, this depth-dependent doping
profile can be written as
Nd (x) ¼ Nd0 exp(Ax),

(1)

where Nd0 is the doping concentration on the surface of the photocathode, A is the gradient doping coefficient, and x is the depth
from the surface. The doping gradient creates a constant electric
field normally pointing into the device with a magnitude of

scitation.org/journal/jap

written as
@n(x, t)
@ 2 n(x, t)
@n(x, t)
@jEj
¼D
þ μn n(x, t)
þ μn jEj
@t
@x2
@x
@x
n(x, t)

þ gn ,
τm

(3)

where D is the diffusion coefficient, μn is the electron mobility, E is
the doping-induced built-in electric field given by (2), τ m is the
mean electron lifetime, and gn is the rate of electron generation
caused by all external factors.
A. The active layer



d k0 T
Nd0
k0 TA
ln
,
¼
E¼
dx q
q
Nd (x)

(2)

where k0 is the Boltzmann constant, T is temperature, and q is the
elementary charge.
In the two-layer model, the heavily p-doped GaAs layer is
divided into two distinct sublayers: an active layer (AL), where
most of the photoelectron generation and transportation take place,
and a very thin band-bending region (BBR) near the surface, where
the photoelectrons accumulate and decay. Separate analyses are
applied to AL and BBR, respectively, based on different electron
behaviors inside them. Figure 1 illustrates the band scheme, the
coordinate system, the definitions of the sublayers, and the doping
configuration in the active layer (denser patterns indicate higher
doping concentrations).
If we neglect any transverse inhomogeneity in the device and
in optical excitation, the entire system can be described by a onedimensional (1D) model. Specifically, the 1D electron concentration n(x, t) inside the AL follows the 1D continuity equation,
which can be derived from the general continuity equation and

As pointed out earlier, the built-in electric field is independent
of location in a gradient doping structure. Thus, the term
@jEj=@x ¼ 0 in (3). For simplicity, we lump all electron decay into
the BBR and treat the AL as decay-free, which eliminates the term
n(x, t)=τ m in (3). Finally, photoelectron generation by a femtosecond pulse is considered as an instantaneous process, so gn can be
merged into the initial condition. After these simplifications, the
continuity equation becomes
@n(x, t)
@ 2 n(x, t)
@n(x, t)
¼D
,
þ vd
@t
@x2
@x

(4)

where the drift velocity vd is introduced as vd ¼ μn jEj. The initial
condition is n(x, 0) ¼ n0 eαx , where α is the absorption coefficient
in the AL and n0 is a scale factor for electron population density.
For
n0 has been chosen in our model to make
Ð d simplicity,
αx
n
e
dx
¼
1,
where d is the thickness of the AL. We further
0
0
assume that the BBR acts as an electron “sink” and the back interface of the AL is an impenetrable “wall.” This leads to the Dirichlet
boundary condition n(0, t) ¼ 0 on the AL–BBR interface and a
Neumann boundary condition @n(x ¼ d, t)=@x ¼ 0 on the back
interface.
To solve the differential equation (4), we first notice that vd
and D are linked through the Einstein relation D=μn ¼ k0 T=q,
which results in the relation


k0 TA
 ¼ DA:
vd ¼ μn 
q 

(5)

It should be noted here that a “generalized” form of the Einstein
relation19 has been considered in our model because the doping
concentration in a heavily gradient-doped AL can be comparable
or even greater than the effective density of valence-band states in
GaAs, which leads to a doping-dependent diffusion coefficient.20
However, further numerical simulations have shown that the
impact of such a modification is minimal within the relevant
parameter range. Thus, for simplicity, the simple form of the
Einstein relation is kept in the model.
The general solution to (4) hence is given by
FIG. 1. The band scheme of a typical gradient-doped GaAs photocathode with
illustration of the two sublayers: the active layer (AL) and the band-bending
region (BBR).
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n(x, t) ¼ 2n0 eγx

1
X
bi sin(ai x) eβi Dt ,

(6)

i¼1
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where β i and γ have been introduced to simplify the expression
and are defined as
βi ¼

A2
þ ai 2 ,
4

γ¼

A
:
2

(7)

The expansion coefficients ai and bi are ruled by the boundary
conditions and the initial condition, respectively. Applying the
Neumann boundary condition at the back interface to the general
solution (6) results in a transcendental equation
tan (ai d) ¼

2
(ai d),
Ad

(8)

which gives a set of discrete solutions for ai . Equation (8) has to be
solved numerically in general, although analytical solutions are
attainable approximately for small A values. This case will be discussed in detail in Sec. IV.
Meanwhile, the total number of photoelectrons injected into
the BBR can be derived by integrating n(x, t) across the AL and
then subtracting the integral from 1,
NI (t) ¼ 1 

ðd

FIG. 3. The impact of doping gradient to photoelectron accumulation on the
device surface: (a) the growth of the total number of electrons injected from the
AL into the BBR for different doping gradients and (b) the time evolution of
the injection flux under various doping gradients (d ¼ 2 μm). Note that A ¼ 0
indicates uniform doping.

in a uniform-doped device over a time range of 20–100 ps.
Meanwhile, the injection flux J(t) is generally 20%–50% higher in a
gradient-doped device of A ¼ 5 μm1 than in a uniform-doped
device, as shown in Fig. 3(b).
B. The band-bending region

n(x, t)dx:

(9)

0

The electron injection flux from the AL to the BBR is then given by
J(t) ¼ dNI (t)=dt.
Figure 2 shows the time evolution of n(x, t) in an AL of 2 μm
thickness for (a) A ¼ 0 (uniform-doped) and (b) A ¼ 5 μm1
(gradient-doped). In both cases, α ¼ 0:85 μm1 has been assumed.
Comparing Figs. 2(a) and 2(b), it immediately becomes clear that a
positive doping gradient pushes the peak concentration further
toward the device surface while lowering the n(x, t) profile at a
faster pace. Both facts indicate accelerated photoelectron transportation toward the BBR.
The impact of doping gradient can be further evaluated by
examining the time evolution of NI (t) and J(t) with various values
of A for a fixed AL thickness d. As shown in Fig. 3(a), larger
doping gradients lead to quicker buildups of the electron population inside the BBR. With A ¼ 5 μm1 , the electron population
injected from the AL to the BBR is about 25%–30% higher than it

FIG. 2. The time evolution of electron concentration n(x, t) in the sublayer AL
for (a) uniform doping (A ¼ 0) and (b) gradient doping (A ¼ 5 μm1 ). Note that
d ¼ 2 μm has been assumed.
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In the BBR, all the spatial dependence is neglected due to the
infinitesimal thickness. The continuity equation (3) reduces to
@N(t)
¼ J(t)  ΓN(t),
@t

(10)

where N(t) is the total electron population in the BBR, J(t) is the
AL-to-BBR injection flux, and Γ is the electron decay rate, which
combines all the effects that lead to the reduction in photoelectron
population. J(t) can be found by substituting the general solution
to n(x, t) as given by (6) into the definition of NI (t) (9). It is then
straightforward to solve the differential equation (10) to obtain a
general solution for N(t),
1
X
ai  ½γsin(ai d) þ ai cos(ai d)eγd β i
bi
γ 2 þ a2i
Γ  βi D
i¼1
 β Dt

Γt
i
e
,
(11)
 e

N(t) ¼ 2n0 D

where, again, the coefficients ai and bi are determined by the boundary conditions and the initial condition of n(x, t) in the AL.
In Fig. 4, N(t) is plotted for four different electron decay
times, τ ¼ 1, 10, 50, and 200 ps, with τ defined as τ ¼ 1=Γ. In each
case, uniform doping and several gradient-doping cases are plotted
to showcase the impact of the doping profile. According to Fig. 4,
upon the injection of the laser pulse, the electron population near
the device surface first experiences a sharp rise. This is then
followed by an exponential population decay. The peak population
is influenced by both A and τ. Larger doping gradients generally
lead to higher peak populations, especially for large decay times.
Such a behavior once again demonstrates the positive impact of the
doping gradient on electron accumulation near the device surface.
It should be noted that the 1D total free-electron population
N(t) is physically equivalent to surface charge density in a
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account for the possibility of two decay processes, we generalize
our theoretical model by dividing the electron population in the
BBR into two independent groups, each following Eq. (11) with its
own decay rate. The overall transient behavior of ΔR(t) hence can
be modeled by
ΔR(t) / N(t) ¼ C1 NΓ1 (t) þ C2 NΓ2 (t),

FIG. 4. The injection and decay of electron population in the BBR lead to a
transient behavior of N(t) that features a sharp peak and an exponential tail, as
seen here for four different decay lifetimes, τ ¼ 1, 10, 50, and 200 ps. Uniform
doping corresponds to A ¼ 0.

three-dimensional (3D) picture, which is directly correlated to
experimental measurables such as the change of reflectivity. This
allows the above theoretical model to be used to explain our femtosecond PPR measurement results as discussed in Sec. III.
III. THEORY–EXPERIMENT COMPARISONS
The above theoretical model can be experimentally verified by
means of femtosecond PPR measurement, which probes the transient variation of surface reflectivity following the injection of an
ultrafast laser pulse. According to the well-known Drude
theory,21,22 the accumulation of free electrons on the surface of a
semiconductor causes a slight change in surface reflectivity, and the
amount of this change is proportional to the area density of the
electrons,16 which is directly correlated to the total electron population N(t) in our 1D model as mentioned earlier. Thus, transient
evolutions of N(t) such as those shown in Fig. 4 should be indicative to the behaviors of transient reflectivity ΔR(t) measured by the
PPR. This allows us to directly compare our theory to experiments.
In doing so, not only can we verify the theoretical model, but we
are also able to determine key parameters of the tested devices,
such as their diffusion coefficients D, drift velocities vd , and electron decay times τ.
Some practical aspects need to be clarified before proper comparisons can be made. In deriving (11), we have made the assumption that all the photoelectrons in the BBR share the same decay
rate Γ (or decay time τ). However, previous studies have shown
that multiple decay mechanisms with vastly different decay rates
may coexist in actual devices.12,13,16 In particular, a bi-exponential
behavior of ΔR(t) has been found in GaAs photocathodes studied
in this work, indicating two distinctive electron decay rates. To
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(12)

where NΓ1 (t) and NΓ2 (t) are the populations of the two electron
groups with decay rates Γ1 and Γ2 , respectively. C1 and C2 represent the partition of total electron population and satisfy the condition C1 þ C2 ¼ 1.
Experimental measurement of ΔR(t) has been performed
using a home-built PPR system, which is based on a 6.5-fs Ti:sapphire laser operating at a center wavelength of 800 nm, with an
average power of 500 mW and a repetition rate of 83 MHz. More
details about the system can be found elsewhere.16,18 Several
samples of GaAs photocathodes have been tested, including two
gradient-doped devices, one fabricated with metal organic chemical
vapor deposition (MOCVD) and the other fabricated with molecular beam epitaxy (MBE). The two devices share the same doping
structure: a 1-μm buffer layer of p-Al0:6 Ga0:4 As with a doping concentration of 1  1019 cm3 directly grown on the n-type GaAs
substrate and a 2-μm gradient-doped active layer made of p-doped
GaAs, with a doping concentration changing from 1  1019 cm3
near the buffer layer to 1  1018 cm3 on the surface.
Note that gradient doping is achieved in these devices through
the deposition of four uniform-doped sub-layers with progressively
decreasing doping concentrations (from bottom up), as shown in
the inset of Fig. 5(a). Such a stepwise doping structure leads to a
ridged electric field profile in actual devices rather than a constant
field as in the theoretical model. Our simulation has shown that
the impact of this discrepancy is insignificant in the PPR curvefitting as the constant-field model is able to capture the average
trend of n(x, t) in the AL. This justifies the use of the constant-field
model to analyze these devices.
Figures 5(a) and 5(b) show the PPR-measured transient reflectivity for MOCVD and MBE devices, respectively. In both cases,
ΔR(t) experiences an initial sharp rise followed by a decay process.
This general behavior indeed resembles the behavior of N(t) as
shown in Fig. 4. A closer look at Fig. 5 further reveals that the
decay of ΔR(t) includes a quick drop immediately following the
peak and a long, slowly decreasing tail, indicating the existence of
two decay mechanisms with markedly different decay rates. Using
the bi-exponential model (12), excellent agreements between theory
and experiment are achieved for both devices, as shown in Fig. 5.
The corresponding fitting parameters are given in Table I. These
parameters suggest that the fast decay process has a decay time of
about 1 ps, whereas the slow decay process is typically 100 times
slower. In both devices, over 90% of the photoelectrons are lost due
to the fast decay process. Although the exact underlying physical
mechanisms are not clear solely based on these results, the fast and
the slow decay times appear to agree with the typical time scales of
surface recombination and photoemission, respectively, according
to prior studies on similar GaAs photocathodes.13,15,16,23
It should be pointed out here that the above comparisons
between the MOCVD and MBE samples are intended to validate
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TABLE I. Device parameters used in the theoretical model in Fig. 5.

Sample type
MOCVD
MBE

D
(cm2/s)

vd
(cm/s)

C1

τ1
(ps)

C2

τ2
(ps)

160
160

1.84 × 106
1.84 × 106

0.942
0.911

1.3
1.5

0.058
0.089

80
180

due to the transcendental equation (8). However, in the special case
of a small doping gradient, an approximate analytical solution can
be developed. This becomes clear by converting (8) into a set of
2
y, where y ¼ ai d,
parametric equations with u ¼ tan (y) and v ¼ Ad
and seeking the intersections between u(y) and v(y). When the
2
in v(y) is greater than 1, i.e., when Ad , 2, the intersecslope Ad
tions are very close to y ¼ (i  1=2)π, where i is a positive integer.
This leads to a set of approximate solutions for ai ,
ai ¼

2i  1
π,
2d

i ¼ 1, 2, 3 . . . :

(13)

Further applying the initial condition n(x, 0) to (6) and completing
the Fourier expansion, the coefficient bi is found to be
bi ¼

ai þ (1)i (α  γ) e(αγ)d
:
d[(α  γ)2 þ ai 2 ]

(14)

Finally, substituting (13) and (14) into (11), a full analytical expression for the total electron population in the BBR (i.e., surface
charge density) can be written as
1
X

ai þ (1)i γ eγd β i  βi Dt
 eΓt : (15)
e
N(t) ¼ 2n0 D bi
2 þ a2
γ
Γ

β
D
i
i
i¼1

FIG. 5. Comparisons between our theoretical model and experimental data
show good agreement for two gradient-doped photocathode samples, fabricated
with (a) MOCVD and (b) MBE. Inset: The doping structure of the tested
photocathodes.

Note that with a typical AL thickness of d ¼ 2 μm, the solution (15) is valid when A , 1 μm1 . To verify the validity of this
approximate solution, we have compared the results obtained with
the numerical method and the analytical formula for the case of
A ¼ 0:5 μm1 . Figure 6(a) shows the AL electron concentration
n(x, t) vs x at three different delay times. The matching between
the numerical results and the analytical predictions is very good for
short time scales (e.g., ,10 ps), although at longer delay times,
slight deviations can be seen near the back interface of the device.

the theoretical model rather than to compare the performances of
the photocathodes themselves. Therefore, normalized transient
reflectivity traces are used and the actual scales of the measured
PPR responses are neglected in the current study.
IV. DISCUSSION
A. Small doping gradient
As mentioned in Sec. II, the expansion coefficients ai and bi
in the solution to n(x, t) (6) in general cannot be solved analytically
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FIG. 6. Comparisons between numerical results (line) and analytical predictions
(marker) for (a) n(x, t) and (b) N(t) validate the analytical solution (13)–(15) for
small doping gradients.
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Figure 6(b) shows a similar comparison for BBR electron population N(t). Once again, an excellent agreement is achieved between
the analytical and the numerical results.
B. Uniform doping vs gradient doping
Another interesting aspect worthy of further consideration is
the comparison between uniform doping and gradient doping. As
pointed out in Sec. II based on the numerical results, gradient
doping generally enhances photoelectron transportation from the
AL to the BBR, resulting in a faster buildup of free-electron population on the device surface. But now, we can revisit this comparison
from a more generic point of view and gain deeper understanding
about the underlying physics.
Let us first consider the case of uniform doping. By setting
A ¼ 0 in (6) and (7), the general solution for n(x, t) in a uniformdoped device can be written as
n(x, t) ¼ 2n0

1
X
2
bi sin(ai x) eai Dt ,

(16)

i¼1

where ai is given by (13) and
bi ¼

ai þ (1)i α eαd
,
dðα2 þ ai 2 Þ

(17)

according to (14) with γ ¼ 0. Note that (16) is an exact solution,
and it agrees with the previously reported result based on a
diffusion-only model.16
Now, consider a gradient-doped device. By substituting the
parameters in (7) into the general solution (6) and moving the
drift-related terms to the left-hand side of the equation, the following relation is obtained:
n(x, t) e 2 ðxþ2vd tÞ ¼ 2n0
A

1

1
X
2
bi sin(ai x) eai Dt :

(18)

i¼1

If we define the left-hand side as an “effective electron concentration”
neff (x, t) ¼ n(x, t) e 2 ðxþ2vd tÞ ,
A

1

1
X
2
bi sin(ai x) eai Dt :

(20)

i¼1

Comparing (20) with (16), it immediately becomes clear that
neff (x, t) shares the same general solution as the pure diffusive electron concentration in a uniform-doped device, albeit with a different set of initial and boundary conditions, which can be derived
according to (19) and the initial and boundary conditions for
n(x, t). In other words, solving a gradient-doped device in general
can be converted into solving a uniform-doping
for
 problem


neff (x, t) and then multiplying the result with exp A2 x þ 12 vd t .
This global exponential term can be viewed effectively as a
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descending exponential envelope propagating at a speed of 12 vd
toward the device surface (i.e., the -x direction). It is the embodiment
of the so-called drift-assisted carrier transportation,24 which accelerates the accumulation of photoelectrons on the device surface.
To verify the applicability of our model to uniform-doped
devices, we have performed PPR measurements on uniform-doped
photocathodes and have compared them with theoretical predictions based on (15) and (12) under the condition of A ¼ 0. As
shown in Fig. 7, good theory–experiment agreement can also be
achieved, proving the effectiveness of the model over both uniform
and gradient doping profiles.
V. CONCLUSION

(19)

then (18) can be rewritten as
neff (x, t) ¼ 2n0

FIG. 7. A PPR trace (solid) measured with a uniform-doped photocathode
shows a good agreement with the theoretical trace (dashed-dotted) given by
(15) and (12) with A ¼ 0. Device parameters used in the theoretical model are
as follows: D ¼ 120 cm2 =s, C1 ¼ 0:875, τ 1 ¼ 1:4 ps, C2 ¼ 0:125, and
τ 2 ¼ 32 ps. Inset: The doping structure of the tested MOCVD photocathode.

In conclusion, a general theory describing photoelectron
transportation dynamics in GaAs photocathodes has been developed. Time-dependent electron concentration distribution is
obtained by solving, both numerically and analytically, a generalized diffusion equation incorporating directional drift caused by
gradient doping. Surface charge density is derived to link the theoretical model to experiment via the measurable carrier-induced
surface-reflectivity change. The transient reflectivity behaviors of
both uniform-doped and gradient-doped GaAs photocathodes are
characterized using femtosecond pump–probe reflectometry.
Theory–experiment comparisons show excellent agreement,
thereby validating the effectiveness of the model in explaining
experimental observations. Bi-exponential decay of free-electron
population is found in all photocathode samples. The corresponding decay times and partition ratios are derived through curve
fitting. Comparisons are made between uniform doping and
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gradient doping for their characteristics in photoelectron transportation. The impact of doping gradient on the acceleration of electron migration and surface accumulation is discussed based on
both numerical results and analytical solutions. Overall, the methodology presented in this article is complementary to the existing
steady-state models and can potentially open a new avenue toward
the experimental characterization of key device parameters.
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