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A general model is presented for electron emission yield from planar photocathodes that accounts

for arbitrary cathode thickness and finite recombination velocities at both front and back surfaces.

This treatment is applicable to negative electron affinity emitters as well as positive electron

affinity cathodes, which have been predicted to be useful for energy conversion. The emission

model is based on a simple one-dimensional steady-state diffusion treatment. The resulting

relation for electron yield is used to model emission from thin-film cathodes with material

parameters similar to GaAs. Cathode thickness and recombination at the emissive surface are

found to strongly affect emission yield from cathodes, yet the magnitude of the effect greatly

depends upon the emission mechanism. A predictable optimal film thickness is found from a

balance between optical absorption, surface recombination, and emission rate. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4764106]

I. INTRODUCTION

Photocathode development has been an active area of

research for several decades, driven by applications in pho-

ton detectors, electron sources, and photomultipliers.1–8

Cathodes with negative electron affinity (NEA), in which the

vacuum level is below the conduction band of semiconductor

photocathode film, have been especially well studied experi-

mentally due to the high probabilities of electron emission in

such films.9–11 In these NEA materials, photoexcited elec-

trons impinging upon the surface-vacuum interface have av-

erage energies higher than the vacuum level, leading to high

electron emission efficiency. However, a new device design

has pointed out that electron emission from a material where

electrons must first overcome a positive electron affinity

energy barrier could be useful for energy conversion.12 In

this scenario, excited electrons collide with the material sur-

face multiple times on average before escaping, making fac-

tors that could be reasonably simplified in NEA materials

much more significant, especially surface recombination and

electron diffusion. Here, we present an analysis of photoelec-

tron yield that includes a detailed treatment of finite thick-

ness and surface recombination at both the emissive and

back emitter surfaces appropriate for both positive and nega-

tive electron affinity materials.

The fundamental photoemission process is typically

described in terms of Spicer’s three-step model.13 Emission

is broken down into the following steps: absorption of pho-

tons to promote electrons to the semiconductor cathode’s

conduction band, transport of photoexcited carriers to the

surface, and emission or recombination at the cathode’s sur-

face. For NEA cathodes, the simplest expression for photo-

electron yield is

Y ¼ B
a

aþ L�1
; (1)

where a is the absorption coefficient, L the diffusion length

of electrons in the conduction band, and B the probability

that an electron approaching the surface escapes into vacuum

rather than recombining at the surface. This equation has

been very fruitful in practice and continues to be used to

model NEA photocathodes.14,15 However, this relation

makes two simplifications: it assumes that the cathode is

semi-infinite in extent, and that every electron reaching the

surface either escapes or recombines there. Further models

have relaxed these assumptions independently,9,16–18 yet for

most applications it has not been necessary to relax both sim-

plifications simultaneously and examine the interplay

between thickness and recombination.
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In contrast, both cathode thickness and surface recombi-

nation are expected to have large impacts on emission yield

for positive electron affinity (PEA) devices where the average

electron energy is below the vacuum level. For example, in a

recently described solar energy conversion device based on

photon-enhanced thermionic emission (PETE), electrons in

the conduction band must rely upon thermal energy to over-

come a positive electron affinity at the surface to escape into

vacuum. As a result, and in contrast to the high emission prob-

abilities seen in NEA photocathodes, electrons in PEA catho-

des relying on PETE have low per-collision probabilities of

emission at the surface. Electrons may therefore need to en-

counter the surface multiple times in order to gain sufficient

energy to escape into vacuum, favoring the use of thin films,

and requiring an analysis of the emission process that accounts

for the effects of both surface recombination and thickness.

In this paper, we present an analytical expression for

emission yield under low injection that accounts for the

effects of surface recombination, bulk recombination, and

cathode thickness. The derivation of this expression is based

on a simple steady-state diffusion model that has been suc-

cessfully used to describe photoluminescence and other

semiconductor processes.19,20 We then analyze the resulting

expression to evaluate the effects of recombination at the

emissive front surface, recombination at the non-emissive

back surface, and light absorption in a finite film. By examin-

ing the theoretical yield for a range of emission velocities in

each case, we show how these parameters impact the per-

formance of both NEA cathodes and cathodes based on

PETE. Our analysis focuses on cathodes with material prop-

erties similar to p-type GaAs, which has been extensively

used for photocathode applications and whose bandgap

makes it well-suited for use in PETE-based solar energy con-

verters.12 Finally, as a practical example, we extend the anal-

ysis in the context of PETE applications, including its

explicit temperature dependence.

II. DERIVATION OF EMISSION YIELD

In this section, we derive an analytical expression for

emission yield from a planar semiconductor cathode of thick-

ness d under low injection. The derivation follows the three

steps of the Spicer model: photon absorption, photoexcited

electron transport, and electron emission. Photon absorption is

modeled using a simple exponential profile representing a sin-

gle pass of incident light through the cathode. Transport is

treated using a one-dimensional steady-state diffusion model.

Electron emission and surface recombination are incorporated

through the boundary conditions of the diffusion model. The

result is an analytical expression for emission yield that

includes finite thickness and recombination at both surfaces.

When an incident photon excites an electron into a cath-

ode’s conduction band, the electron rapidly thermalizes to

the cathode’s temperature and diffuses throughout the mate-

rial (Fig. 1(a)). For planar photocathodes, the population of

these photoexcited electrons n can be described using a one-

dimensional diffusion model in steady-state (e.g., Ref. 9),

D
d2n

dx2
¼ n

s
� GðxÞ: (2)

Here, x is the perpendicular distance from the emissive

surface, GðxÞ is the rate of photoexcitation of conduction-

band electrons, D is the electron diffusion coefficient, and s
is the bulk recombination lifetime, which, under low injec-

tion, is assumed to be independent of the concentration of

photoexcited electrons. The cathode is assumed to be free of

internal fields, and electrons are assumed to be fully thermal-

ized. It should be noted that a fraction of electrons that are

excited by high energy photons can encounter the surface

prior to thermalizing to the lattice temperature. This addi-

tional contribution to emission current can be treated by con-

sidering models for hot-electron photoemission21 or by

incorporating thermalization into higher energy valleys in

the diffusion model used here.9,22 Here, we consider only

photoexcited electrons, neglecting purely thermal “dark”

emission. The current from the small equilibrium concentra-

tion of thermally excited electrons can be treated similarly.

Photoexcited electrons that do not recombine in bulk

may encounter the front surface, where they can do one of

three things: reflect, escape into vacuum, or recombine (Fig.

1(b)). The total current from electrons leaving the conduc-

tion band at the front surface (surface 1) is thus,

J1 ¼ qeD
dn

dx

����
x¼0

¼ ðS1;recombination þ S1;emissionÞqen

����
x¼0

: (3)

Here, qe is the electron charge, S1;emission is the emission

velocity, a measure of the rate at which electrons escape into

vacuum at the emissive surface, and S1;recombination is the

FIG. 1. Illustration of the various processes charge carriers undergo in the cath-

ode. (a) Incident photons with energy larger than the bandgap (Eg) excite elec-

trons from the valence band (VB) to the conduction band (CB). These electrons

thermalize and diffuse throughout the cathode; if they do not first recombine in

the bulk, as shown with a dashed line, they can reach the surfaces. (b) At the

front (emissive) surface (surface 1), electrons may reflect, recombine with sur-

face traps or, if they have sufficient thermal energy, escape into the vacuum. At

the back surface (surface 2), they may reflect or recombine. While this figure is

drawn with a positive electron affinity v, such that electrons must overcome an

energy barrier to escape at the emissive surface, the equations derived here are

also valid for a negative electron affinity (NEA) emitter, where the vacuum

level is lowered below the conduction band minimum.
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surface recombination velocity. For simplicity, we have

ignored band-bending at the surface to allow transport in the

cathode to be described by the field-free Eq. (2). In practice,

band-bending can be incorporated into this model by redefin-

ing S1;recombination as an effective recombination velocity at

the interface between the low-field bulk and the band-

bending region.23–25

At the back surface (surface 2 in Fig. 1(b)), we assume

that electrons cannot be emitted due to the presence of a sub-

strate, and the recombination current J2 is

J2

qe
¼ �D

dn

dx

����
x¼d

¼ S2n

����
x¼d

; (4)

where S2 is the recombination velocity at the back surface.

Assuming generation at a distance x0 from the emissive

surface results in a general solution n ¼ Aþex=L þ A�e�x=L

and n ¼ Bþex=L þ B�e�x=L on each side of the generation

(Fig. 2). The boundary conditions in Eqs. (3) and (4) and

continuity of charge carrier density at x ¼ x0 allow these

coefficients A6 and B6 to be related to the recombination

velocities at the front and back surfaces. The resulting emis-

sion current density dJ1;emission due to generation Gðx0Þ in a

region of thickness dx0 is

dJ1;emission

qe
¼ S1;emission

ðS1;emission þ S1;recombinationÞð1þ f2e�2d=LÞ þ D=L ð1� f2e�2d=LÞ

�
e�x0=L þ f2e�ð2d�x0Þ=L

�
Gðx0Þdx0: (5)

Here, L ¼
ffiffiffiffiffiffi
Ds
p

is the electron diffusion length, and we

have defined a dimensionless reduced rate of surface recom-

bination at the back surface f2 ¼ ðD=L� S2Þ=ðD=Lþ S2Þ,
which compares recombination at the back surface to recom-

bination in the bulk. The emission yield resulting from gen-

eration at x0 is found by normalizing the front-surface

emission current (Eq. (5)) by the incident photon flux

I0: dY ¼ dJ1;emission=ðqeI0Þ.
The total electron emission yield is found by inserting

the relevant generation function and integrating over the

device thickness. In a cathode in reflection mode, wherein

electron emission occurs from the surface on which light is

incident, the generation function is the absorption profile for

light incident normally on the emissive surface at x ¼ 0

(Fig. 2),

GðxÞ ¼ I0ae�ax: (6)

Here aðkÞ is the absorption coefficient for light of

wavelength k. For simplicity, we have neglected photon

reflection at both surfaces. Reflection at these surfaces can

be incorporated by considering a weighted sum of photon

fluxes from both the emissive and non-emissive surfaces of

the cathode.9

Performing the integral, we arrive at the desired general

relation for emission yield incorporating diffusive transport,

front and back-surface recombination, and finite size effects,

Y ¼ S1;emission

ðS1;emission þ S1;recombinationÞð1þ f2e�2d=LÞ þ D=Lð1� f2e�2d=LÞ

� a
aþ L�1

�
1� e�ðaþL�1Þd

�
þ a

a� L�1

�
1� e�ða�L�1Þd

�
f2e�2d=L

� �
: (7)

Equation (7) describes the effects of absorption, emis-

sion, and recombination processes on emission yield from a

cathode of arbitrary thickness.

For comparison here, we reduce this relation to the sim-

ple case of a semi-infinite cathode (d !1) (compare, e.g.,

to Ref. 9),

Ysemi-infinite ¼
S1;emission

S1;emission þ S1;recombination þD=L

a
aþ L�1

: (8)

In both Eq. (7) and the simpler Eq. (8), the emission

yield is a product of two terms. The first describes the com-

petition between emission and recombination at the front

surface (S1;emission þ S1;recombination), and recombination in the

FIG. 2. Exponential solutions to the generation-free diffusion equation apply

on either side of a region (from x0 to x0 þ dx0) in which carrier generation

occurs.
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bulk (through the term D=L, modified in Eq. (7) by the

effects of the back surface through f2 and cathode thickness

d). The second term relates to the competition between

absorption and diffusion in the film of thickness d through

their characteristic length scales a�1 and L, again modified

by the effects of finite thickness and the back surface in

Eq. (7).

In this work, we use the general yield Eq. (7) to explore

the effects of front-surface recombination (Sec. III), back-

surface recombination (Sec. IV), and absorption profile

(Sec. V) on the total cathode yield. Finally, Sec. VII will

examine emission yield using the particular form of

S1;emission for PETE cathodes, which are particularly sensitive

to material thickness and surface recombination.

III. EMISSIVE SURFACE RECOMBINATION

Of the material parameters relevant for yield, emissive-

surface recombination has received the least attention in

treatments of traditional photocathodes, due primarily to

the high probability of emission at the surface. However,

emissive-surface recombination can have a significant

impact on photoemission yield in applications with low per-

collision electron emission probabilities.

To eliminate the complications introduced by the optical

absorption profile, we assume that electron generation occurs

entirely at the front surface (i.e., a!1 in Eq. (7)). The sec-

ond term in Eq. (7) then reduces to ð1þ f2e�2d=LÞ, resulting

in a simplified yield expression,

Ya!1 ¼
S1;emission

S1;emission þ S1;recombination þ ðD=LÞð1� f2e�2d=LÞ=ð1þ f2e�2d=LÞ : (9)

Equation (9) highlights the competition between emis-

sion and recombination at the front surface (first two terms

in the denominator) and recombination processes in the bulk

and back surface (final term in the denominator). Figure 3

shows the internal quantum yield in Eq. (9) as a function of

the front-surface recombination velocity S1;recombination for a

range of front-surface emission velocities S1;emission. Recom-

bination at the back surface is neglected, and carrier trans-

port properties are similar to those of high-quality p-type

GaAs under low injection (D ¼ 200 cm2=s, L ¼ 10 lm and

the effective mass of elections in the conduction band is

m�e ¼ 0:063�me).26,27

As front-surface recombination increases (from

102 cm/s to 107 cm/s in Fig. 3), yield correspondingly

decreases. However, as seen in Fig. 3, the rate of this

decrease depends strongly on both the thickness and the

emission probability. While for each curve, a large recom-

bination velocity results in a low yield, reducing surface

recombination below a certain threshold value has minimal

effect. This crossover point, above which an increase in

surface recombination leads to a rapid reduction in yield, is

illustrated in Fig. 3 as a dashed grey line. To the left of the

dashed line, which intersects the yield curves at 90% of

their maximum value, bulk recombination dominates, and

yield is not sensitive to surface recombination. To the right

of the dashed line, yield quickly decreases with increasing

interface recombination. Optimizing emission for a given

application requires moving from the right side of the

dashed line to the left.

The crossover point between the two regimes is set by the

magnitude of bulk recombination. Between Figs. 3(a) and

3(c), bulk recombination ðD=LÞð1� e�2d=LÞ=ð1þ e�2d=LÞ
increases two orders of magnitude, from 2�103cm=s to

1:5�105cm=s, as the film thickness d increases from 100 nm

to 10 lm. The increase in bulk recombination results in a shift

in the crossover point to higher surface recombination

velocities, as well as a decrease in the maximum achievable

yield.

FIG. 3. Effect of front-surface recombination on yield. Internal quantum ef-

ficiency is plotted as a function of the front-surface recombination velocity

S1;recombination for a range of emission velocities S1;emission from 103 cm/s to

106 cm/s. The film thicknesses are (a) 100 nm, (b) 1 lm, and (c) 10 lm. Here

and in subsequent figures, other parameters are similar to p-type GaAs: elec-

tron diffusion length L ¼ 10 lm, diffusion coefficient D ¼ 200 cm2=s.

094907-4 Sahasrabuddhe et al. J. Appl. Phys. 112, 094907 (2012)

Downloaded 06 Nov 2012 to 18.82.8.205. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



To achieve practical emission yields in thick cathodes

(d � L, Fig. 3(c)), the high rate of bulk recombination

necessitates that the emission velocity S1;emission be high. For

instance, for the high bulk recombination rate in a 10 lm

thick cathode Fig. 3(c), the maximum possible yields for

emission velocities S1;emission of 103, 104, 105, and 106 cm/s

are 0.6%, 6%, 40%, and 87%, respectively. This strong

dependence of yield on emission velocity supports the

traditional emphasis on increasing the electron emission

probability by minimizing the work function in NEA

photocathodes.28,29

However, even for cathodes with high emission veloc-

ities, emission yield can still be limited if recombination is

more likely than emission at the front surface. Indeed, in

typical NEA cathodes, emission probabilities (B in Eq. (1))

are commonly observed to be on the order of 30%.30 This

suggests that recombination at the emissive surface is at

least 2–3 times more likely than emission there, implying

that NEA devices remain to the right of the dashed lines in

Fig. 3. This indicates that surface recombination is a critical

parameter for both NEA and PETE cathode yield, and a

comprehensive theoretical treatment of photocathodes must

include an analysis of the impact of surface recombination

on device performance. Fig. 3 illustrates that passivation of

the emissive surface may noticeably boost emission yields

in conventional photocathodes, as surface recombination

velocities on the order of 103–104 cm/s are readily achieva-

ble in GaAs that has been passivated chemically or by

AlGaAs or GaInP.31–33 This largely unexplored route to

increasing efficiency may be fruitful in practice because

commonly used cesium-based surface coatings typically de-

grade over time in ultra-high vacuum systems, consequently

decreasing emission probability and hence device perform-

ance. Reducing the surface recombination velocity through

passivation would mitigate this decay in emission yield dur-

ing this degradation process.

IV. BACK SURFACE RECOMBINATION

The general yield relation (7) deviates from the semi-

infinite yield relation (8) primarily through the recurring

factor of f2e�2d=L. This factor accounts for recombination

at the back surface through the reduced recombination

velocity f2 ¼ ðD=L� S2Þ=ðD=Lþ S2Þ, modified by the

probability e�2d=L that an electron traverses the round-trip

distance 2d between the two surfaces. A positive value of

f2 describes a back surface with low recombination, with

f2 ¼ 1 (S2 ¼ 0) corresponding to a surface that reflects all

incident electrons back into the bulk. A negative value

describes a poor quality back surface, with f2 ¼ �1

(S2 !1) indicating that every electron incident on the

back surface recombines there. When f2 ¼ 0 (S2 ¼ D=L),

the probability of recombination at the back surface is iden-

tical to the probability in a semi-infinite sample that an

electron at a distance d from the front surface diffuses away

and recombines deeper in the bulk.

To demonstrate the effect of back-surface recombination

on yield, we rewrite Eq. (9) to focus on the reduced recombi-

nation velocity f2, again assuming that electron generation

occurs only at the front surface,

Ya!1 ¼
S1;emissionð1þ f2e�2d=LÞ

ðS1;emission þ S1;recombinationÞð1þ f2e�2d=LÞ þ D=Lð1� f2e�2d=LÞ : (10)

This form makes the effect of the back surface clear:

back-surface recombination weights front-surface emission

and recombination ðS1;emission þ S1;recombinationÞ, and bulk

recombination (D=L), by factors of ð16f2e�2d=LÞ. As recom-

bination at the back surface decreases (f2 increases), the

magnitude of bulk recombination relative to surface proc-

esses can decrease significantly.

Fig. 4 displays the influence of back-surface quality on

emission yield assuming absorption occurs at the front sur-

face for the same thicknesses and emission velocities as in

Fig. 3. Also shown on the top axis are representative values

of the reduced recombination velocity f2. At f2 ¼ 0

(S2 ¼ D=L), the cathode thickness does not influence the in-

ternal yield for absorption near the front surface. As a result,

the yield at f2 ¼ 0 is determined exclusively by the emission

velocity S1;emission and is identical between the three panels

(a)-(c).

An increase or decrease of f2 results in a corresponding

increase or decrease of emission yield, and the magnitude of

this change is determined by the cathode thickness through

e�2d=L. For the thickest cathode shown here (Fig. 4(c)),

where the cathode thickness d is equal to the diffusion length

L ¼ 10 lm, yield is relatively insensitive to back-surface

recombination: the yield when back-surface recombination

approaches zero (S2 ¼ 0, f2 ¼ 1) is at most 30% larger than

its value when back-surface recombination is equal to bulk

recombination (f2 ¼ 0, S2 ¼ 2� 105cm=s).

In contrast, for a thin cathode (Fig. 4(a)), back-surface

recombination f2 strongly influences emission yield, and the

recombination at the back surface becomes as important to

optimize as recombination at the emissive surface (compare

to Fig. 3(a)). This impact is further magnified if the probabil-

ity of emission is low, as photogenerated carriers remain

in the cathode longer and encounter the back surface more

frequently. For a thin cathode with thickness d ¼ 100 nm

and front-surface emission/recombination velocity S1;emission

¼ 103cm=s in Fig. 4(a), the yield for an electron generated

near the surface increases by a factor of �50 as the back-

surface recombination decreases from the bulk value of

2� 105 cm/s to zero. This example highlights the importance
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of engineering the thickness of cathodes based on PEA mate-

rials, as a conduction-band electron may need to encounter

the front surface numerous times before gaining sufficient

thermal energy to escape into vacuum.

V. ABSORPTION

Up to this point, we have neglected absorption to focus

on recombination at the surfaces. We now consider the

effects of total photon absorption and the initial distribution

of carriers in Eq. (6) to complete the description of emission

efficiency in finite-thickness photoemitters. The restrictive

assumption on photon collection used here, in which incident

photons can pass through the cathode only once before they

are lost, is by no means required in real devices, and the effi-

ciency of thin photocathodes can be improved considerably

using a reflective back surface and light-trapping techni-

ques.34–37

Nonetheless, this simplified absorption model illustrates

the competition between the length scale for absorption a�1

and the characteristic lengths for electron transport. In a

semi-infinite cathode, the relevant transport scale is simply

the diffusion length L, and the absorption profile then affects

yield through the simple factor a=ðaþ L�1Þ (Eqs. (1) and

(8)). However, in a cathode of finite thickness d, two addi-

tional effects become important: incomplete photon absorp-

tion, and reflection and recombination of carriers excited

close to the back surface. These effects contribute to the

yield (Eq. (7)) through a sum of two terms,

a
aþL�1

�
1�e�ðaþL�1Þd

�
þ a

a�L�1

�
1� e�ða�L�1Þd

�
f2e�2d=L:

(11)

The first term accounts for incomplete light capture in a

film of thickness d. This can be seen by setting S1;emission þ
S1;recombination � D=L and S2 ¼ D=L (f2 ¼ 0) in Eq. (7) to

eliminate the competition between surface and bulk recombi-

nation at both surfaces and focus solely on absorption. The

resulting expression, a
aþ L�1

�
1� e�ðaþ L�1Þd

�
, is precisely the

first term in Eq. (11).

The second term accounts for additional reflection or

recombination at the back surface. To illustrate this, we

exchange x0 $ ðd � x0Þ in Gðx0Þ (Eq. (6)) to derive an equa-

tion for yield for a cathode in transmission mode, in which

photons are incident on the back surface,

Ytransmission ¼
S1;emission

ðS1;emission þ S1;recombinationÞð1þ f2e�2d=LÞ þ D=Lð1� f2e�2d=LÞ

� a
a� L�1

�
1� e�ða�L�1Þd

�
þ a

aþ L�1

�
1� e�ðaþL�1Þd

�
f2

� �
e�d=L: (12)

In practice, this transmission mode formula is also use-

ful for reflection mode cathodes, as it describes the yield due

to photons which reflect at the back surface. Once again, set-

ting S1;emission þ S1;recombination � D=L and S2 ¼ D=L in

Eq. (12) to focus solely on absorption yields a result

a
a�L�1

�
1� e�ða� L�1Þd

�
e�d=L that is identical to the second

term in Eq. (11), except for one factor of e�d=L relating to

transport between the two surfaces. Thus, the first absorption

term describes emission as if electrons could diffuse through

the back surface, while the second term is directly related to

FIG. 4. Effect of back-surface recombination on yield. Internal quantum ef-

ficiency is plotted as a function of the back-surface recombination velocity

S2 for a range of emission velocities S1;emission from 103 cm/s to 106 cm/s.

Representative values of f2 ¼ ðD=L� S2Þ=ðD=Lþ S2Þ are shown on the

upper axis, and a dashed line is shown at f2 ¼ 0. The film thicknesses are

(a) 100 nm, (b) 1 lm, and (c) 10 lm. For simplicity, recombination at the

front surface is neglected (S1;recombination ¼ 0).
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the “yield” of electrons that encounter (and then possibly

reflect from) the back surface.

Figure 5 demonstrates the influence of the absorption

profile by showing yield versus thickness for an absorption

coefficient a ¼ 104 cm�1 similar to the value near the GaAs

band edge.38,39 In each panel of Fig. 5, the black curve illus-

trates the effect of absorption without considering the effects

of back-surface recombination (f2 ¼ 0, S2 ¼ D=L). In reflec-

tion mode (left column), the black curves increase as a larger

fraction of photons are absorbed. In transmission mode (right

column), the yields eventually decrease as electrons excited

close to the back surface of a thick cathode cannot easily dif-

fuse to the emissive surface before they recombine. In either

reflection or transmission mode, the yield is close to its max-

imum after a few absorption lengths (a�1): �1–3 lm (com-

pare, e.g., to Ref. 9). This thickness is somewhat reduced in

cathodes with an optically reflective back surface, as photons

would have additional passes through the cathode.

The influence of the back surface is shown in the spread

from purple (S2 !1, very high recombination) to green

(S2 ! 0, very low recombination) in Fig. 5. As seen in Sec.

IV, the influence of the back surface is greatest when the

cathode is thin. At the optimal thickness for light absorption

here of 1–3 lm, the quality of the back surface has a reduced

influence on yield, particularly for cathodes in reflection

mode with high emission probabilities. For instance, in

Fig. 5(a), in which S1;emission ¼ 106 cm=s, the yield at the

optimal thickness of around 3 lm is only 90% greater for no

back-surface recombination (i.e., S2 ¼ 0) than for infinite

back-surface recombination (S2 !1). This relatively minor

impact on performance explains why research on NEA

cathodes has more commonly focused on back-surface qual-

ity in the context of transmission-mode devices.9,17

In transmission-mode geometry, recombination at the

back surface is typically more important than in reflection

mode, since the cathode must be thin to ensure efficient

transport to the emissive surface. Back-surface quality is

most important when the probability of emission is minimal,

as electrons may encounter each surface multiple times

before leaving the conduction band through either recombi-

nation or emission. When the emission velocity is at a mini-

mum of 104 cm=s (shown in Fig. 5(f)), decreasing the back-

surface recombination velocity from the bulk value of 2�
105 cm=s (central black trace) to 0 cm=s (highest green trace)

increases the total emission yield by nearly an order of mag-

nitude from 3.7% to 21%. Nonetheless, even here, the

recombination velocity at the back surface is less important

for emission yield than the emission velocity at the emissive

surface: comparing the black traces in Figs. 5(e) and 5(f), we

see that increasing the front surface emission velocity by a

single order of magnitude from 104 cm/s to 105 cm/s

increases the overall emission yield to an even larger degree,

from 3.7% to nearly 26%.

VI. EXTENSION TO PHOTON-ENHANCED
THERMIONIC EMISSION CATHODES

Photon-enhanced thermionic emission (PETE) is a

recently proposed electron emission mechanism that is

promising for solar energy conversion and photocathode

applications.12 In a PETE cathode, photons incident on a

semiconductor film excite electrons from the valence band to

the conduction band. These electrons thermalize and diffuse

in the film. At the film surface, carriers encounter a positive

electron affinity barrier, and only electrons with sufficient

thermal energy can overcome this barrier and escape into

vacuum. Any increase in this electron affinity raises the out-

put voltage of the PETE device, but increased electron affin-

ity also results in a reduction in the emission velocity, and

hence current, potentially reducing the device’s power con-

version efficiency. This section explores in detail the impli-

cations of the yield Eq. (7) for PETE.

In a PETE cathode, the emission velocity S1;emission can

be defined as12

S1;emission ¼ ð1� ReÞhvxie�v=kT ; (13)

where the factor e�v=kTrepresents the probability that an elec-

tron reaching the surface has sufficient thermal energy �kT
to overcome the electron affinity barrier v and escape into

vacuum. In Eq. (13), hvxi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT=2pm�

p
is the average mag-

nitude of an electron’s thermal velocity perpendicular to the

surface. We assume that the conduction band is parabolic

and isotropic with effective mass m� and carriers are com-

pletely thermalized at the lattice temperature T. For simplic-

ity, we furthermore assume that carriers do not reflect at the

surface, Re ¼ 0.

The dependence of internal emission yield on tempera-

ture shown in Fig. 6 illustrates the competition between

front-surface recombination and emission from a PETE

FIG. 5. Effect of cathode thickness on yield for an absorption coefficient

a ¼ 104 cm�1. In the left column (a)-(c), the cathode is in reflection mode,

and electrons are emitted from the illuminated surface. In the right column

(d)-(f), the cathode is in transmission mode, and electrons are emitted from

the non-illuminated surface. In the first row (a,d), the emission/recombina-

tion velocity is S1;emission ¼ 106cm=s, while in the second (b,e) and third

rows (c,f), the velocities are 105cm=s and 104cm=s, respectively. As in

Fig. 4, L ¼ 10 lm, D ¼ 200 cm2=s, and S1;recombination ¼ 0.
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cathode with electron affinity v ¼ 0:2 eV. In Fig. 6(a), the

cathode is semi-infinite in extent, and Eq. (7) takes the sim-

ple form (compare to Eq. (8)),

YPETE;bulk ¼
hvxie�v=kT

hvxie�v=kT þ S1;recombination þD=L

� �
a

aþ L�1

� �
:

(14)

In a semi-infinite cathode, surface recombination does not

affect yield strongly until its value approaches the relatively

large bulk recombination velocity D=L ¼ 2� 105 cm=s. As a

result, recombination in the bulk is dominant in the first three

traces of Fig. 6(a) (S1;recombination ¼ 103 cm=s to 105 cm=s),

and emission only becomes efficient around 300 �C, when the

emission velocity S1;emission, shown along the top axis, far

exceeds 105cm=s.

Bare p-type GaAs, however, is known to have a high

surface recombination velocity on the order of or greater

than S1;recombination ¼ 106 cm=s,20,40,41 a level that would

effectively quench photon-enhanced thermionic emission. In

Fig. 6(a), the theoretical yield for S1;recombination ¼ 106cm=s

at the high temperature of 600 �C is less than 50%. High

recombination near the emissive surface would similarly

explain the low quantum efficiencies seen in proof-

of-concept measurements of PETE on GaN.12 In contrast,

higher yields are achievable in Fig. 6(a) below 300 �C for

surface recombination velocities of 103�104 cm=s.

The competition between emission and recombination at

the emissive surface is more critical in a thin cathode, where

bulk recombination is reduced. Fig. 6(b) repeats the calcula-

tions of Fig. 6(a) for a 100 nm GaAs film with negligible

back-surface recombination. The yield for this thickness is

approximately given by

YPETE;film ¼
hvxie�v=kT

hvxie�v=kT þ S1;recombination þ d=s
ð1� e�adÞ:

Here the bulk recombination rate is reduced from D=L
to d=s, where s is the electron lifetime. As seen in Fig. 6(b),

emission from a thin film is more efficient and even more

sensitive to front-surface recombination than emission from

a semi-infinite cathode. If S1;recombination ¼ 103cm=s, internal

emission yield is nearly saturated at 200 �C. However, the

external yield under these conditions is at most around 10%

due to incomplete light absorption for a ¼ 104 cm�1, consid-

erably smaller than in the bulk case. This restriction empha-

sizes the need for effective light-trapping techniques to boost

absorption in a thin-film PETE cathode.35–37,42

To maximize the power conversion efficiency of a

PETE converter, however, it is not sufficient to simply maxi-

mize the emission yield by adjusting the device thickness

and surface recombination rates. Optimizing electron affinity

is also critical for PETE conversion efficiency, as an increase

in electron affinity directly increases the output voltage.

However, in some temperature ranges, an increase in elec-

tron affinity may result in an unacceptable reduction in emis-

sion current. For instance, below �100 �C in Fig. 6(b) for

S1;recombination ¼ 103 cm=s, a small increase in barrier height

from 0.2 eV would significantly decrease emission current.

In contrast, if the operating temperature is high enough to

saturate the emission current (>200 �C), the same change in

electron affinity would have little impact on the emission

current. Therefore, to optimize the performance of a PETE

device, it is critical to identify the maximum electron affinity

at which a target yield is achievable.

Figure 7 plots the electron affinity corresponding to an

internal yield of 80% as a function of the front-surface

recombination velocity. The power output is typically close

to its maximum around 80% internal yield in an idealized

PETE converter,12 and this yield is also attainable in a semi-

infinite GaAs cathode, where the probability of emission is

limited to at most a=ðaþ L�1Þ 	 90% near the band edge.

As noted previously, bulk recombination is substantial

in thick films, and in the semi-infinite cathode shown in Fig.

7(a), it limits yield for front-surface recombination velocities

less than D=L ¼ 2� 105 cm=s. As a result, an internal yield

exceeding 80% is barely achievable with an electron affinity

near 0.2 eV, even at temperatures as high as 600 �C.

In Fig. 7(b), the cathode is 100 nm thick with negligible

back-surface recombination, which reduces the bulk-related

FIG. 6. Dependence of internal emission yield on temperature for a cathode

with electron affinity v ¼ 0:2 eV. In (a), the cathode is semi-infinite, and in

(b), its thickness is 100 nm. The four traces represent different values of the

front-surface recombination velocity S1;recombination ranging from 103 cm/s to

106 cm/s. The effective mass of electrons in the conduction band is 0.063 of

the electron mass in vacuum, and to focus on PETE, we ignore the tempera-

ture dependence of the effective mass, D, L, a, and S1;recombination.
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recombination term ðD=LÞð1� f2e�d=LÞ=ð1þ f2e�d=LÞ by

two orders of magnitude to d=s ¼ 2� 103 cm=s. At this

thickness, a device could operate at a higher output voltage

because the maximum electron affinity at 80% yield is over

0.5 eV at 600 �C, significantly higher than in Fig. 7(a). Even

larger electron affinities would be possible with improved

light trapping and at higher temperatures.

However, for surface recombination velocities exceed-

ing the bulk value of 2� 105 cm=s, high yield is unattainable

even with very small barriers, and only NEA cathodes can

emit electrons efficiently. This again highlights the need for

surface passivation to achieve high PETE efficiencies. Below

S1;recombination ¼ 103 � 104 cm=s, bulk recombination again

begins to dominate surface recombination, as seen in Fig.

7(b) by comparing the solid traces to the dashed traces,

which show the maximum possible electron affinity assum-

ing that the only competing process to emission is front-

surface recombination. As noted previously, recombination

velocities of this order are achievable through common pas-

sivation techniques, mitigating the impact of surface recom-

bination on the power output of a thin-film PETE device.

VII. CONCLUSION

We have presented an analytical model for electron

emission from a semiconductor film of arbitrary thickness.

The resulting expression for emission yield incorporates

recombination velocities at the front and back surfaces as

well as bulk transport properties of the film. The emission

probability has been examined in both reflection and trans-

mission mode operation, and we have analyzed the implica-

tions of this simple expression for modeling devices based

on both NEA photoemission and PETE as a physical

realization.

We have quantified the advantages of thin films for max-

imizing internal emission yield from PETE cathodes. The

high frequency of surface collisions achieved by reducing

material thickness allows electrons to overcome larger elec-

tron affinities, increasing the overall power conversion effi-

ciency of a PETE device. However, reducing the thickness

also decreases light absorption, highlighting the need for

nanostructuring and light-trapping techniques to maximize

absorption in thin-film cathodes.

Surface recombination is critical to emission yield due

to the low probability of electron emission at the surface. We

have shown that the surface recombination velocities

required for bulk-dominated recombination, even in thin

films, are achievable with chemical surface passivation or at

heterostructure interfaces, and we have furthermore pro-

posed surface passivation as a means to increase emission

yield from NEA photocathodes.
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