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Transmission-mode GaN photocathode based on graded

AlxGa1−xN buffer layer
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We create a GaN photocathode based on graded AlxGa1−xN buffer layers to overcome the influence of
buffer-emission layer interface on the photoemission of transmission-mode GaN photocathodes. A gate-
shaped spectral response with a 260-nm starting wavelength and a 375-nm cut-off wavelength is obtained.
Average quantum efficiency is 15% and short wavelength responses are almost equivalent to long wavelength
ones. The fitted interface recombination velocity is 5×104 cm/s, with negligible magnitude, proving that
the design of the graded buffer layers is efficient in obtaining good interface quality between the buffer and
the emission layer.
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Numerous civilian and military applications have
pushed forward the development of ultraviolet (UV)
detectors[1,2]. In recent years, the GaN UV photo-
cathode has been widely explored for its high-efficiency
detection, low dark current, high UV/visible rejection
ratio, good stability, and concentrated energy distribu-
tion of photoelectrons[3−7]. Although the top quantum
efficiency (QE) of the reflection-mode GaN photocath-
ode of 70% has been obtained[7], we are still a long
way from putting the GaN photocathode to practical
use, and are yet to develop transmission-mode GaN
photocathodes[5−7]. The transmission-mode photocath-
ode is the type commonly used in practical applications.
The incident radiation is detected on the back of the
photocathode, and the induced photoelectrons are emit-
ted from the front surface of the cathode.

The schematic of the transmission and reflection photo-
cathode operation is shown in Fig. 1. Transmission-mode
photocathodes can be combined with electron multiplier
devices to form photomultiplier tubes (PMTs), imaging
intensifiers, or other vacuum detection devices for low-
level UV detection.

Sapphire-AlN buffer layer-GaN emission layer is a com-
monly used material structure for transmission-mode
GaN photocathodes[5−7]. Both sapphire and AlN are
transparent for UV radiation and have good mechani-
cal supporting capacity. However, their structures are
not ideal. A high degree of lattice mismatch exists be-
tween AlN and GaN due to the large difference of their
lattice constants. The lattice mismatch causes large lat-
tice defects, such as dislocations, at the interface of AlN
and GaN during GaN material growth. These defects
form interface recombination centers and capture pho-
toelectrons generated near the interface, resulting in a
great decline in photoemission efficiency. The diagram of
the interface effect on transmission-mode photocathode
photoemission is shown in Fig. 2. The typical QE of
transmission-mode GaN photocathodes based on AlN

buffers is only 3%–5%[7], which is lower than the QE
of 10% of the transmission CsTe photocathode[3]. To
obtain high-performance transmission-mode GaN pho-
tocathode, a high quality interface between buffer layer
and GaN layer is needed.

In this letter, graded AlxGa1−xN buffer layers are pre-
sented to improve the interface quality of transmission-
mode GaN photocathodes. The overall structure of the
GaN photocathode material is shown in Fig. 3(a), and
the specific structure of the buffer layer is shown in
Fig. 3(b). The photocathode consists of a sapphire
substrate, graded p-type AlxGa1−xN buffer layers, and
p-type GaN emission layers. The sapphire substrate is c-
plane, double-polished, with a thickness of 300–500 µm.
Graded AlxGa1−xN buffer layers are epitaxially grown
on the sapphire substrate by metal organic chemical va-
por deposition (MOCVD). In buffer layers, the Al mole
fraction decreases gradually from bottom (substrate) to
top, and finally transits into the GaN emission layer nat-
urally.

AlxGa1−xN materials are ternary compounds of the
GaN material and their lattice constant is slightly smaller
than that of the GaN material. Using AlxGa1−xN as
buffer material decreases the chances of lattice mismatch
at the interface between buffer and emission layer. In
addition, the graded design allows the lattice constant of
AlxGa1−xN to decrease gradually with the decline of the

Fig. 1. Schematic of the transmission and reflection photo-
cathode operation.

1671-7694/2011/010401(4) c© 2011 Chinese Optics Letters



010401-2 CHINESE OPTICS LETTERS / Vol. 9, No. 1 / January 10, 2011

Al composition, ultimately matching the GaN emission
material which gradually releases interfacial stress during
growth and improves interface quality.

The total number n of AlxGa1−xN graded layers can
be adjusted according to the actual demands and tech-
nique levels. In our design, n is four in order to obtain
a significant gradient and to facilitate preparation. The
thickness of each graded layer is less than 50 nm to ensure
the complete release of the lattice stress, and the total
thickness is 200 nm to minimize the short wavelength
UV absorption by the buffer layers. The minimum Al
fraction is designed to be 0.55, making the buffer adsorp-
tion wavelength short enough and ensuring that most
UV light will be absorbed by the GaN emission layer.

The p-type GaN emission layer is epitaxially grown
on the buffer layer by MOCVD. Its doping atom is Mg
and the doping concentration is about 3×1018 cm−3.
The thickness of the GaN emission layer is about 150
nm to match the electron diffusion length and the UV
absorption length of p-type GaN materials. This design
ensures that long and short wavelength UV can be fully
absorbed by the GaN emission layer to generate a signif-
icant photoemission effect.

The UV transmission spectra of the photocathode ma-
terial are shown in Fig. 4. There are five interference
peaks in the 380–650 nm range, which correspond to
the secondary interferences caused by the GaN epitaxial
layer and the four buffer layers. There are two interfer-
ence peaks in the 650–1000 nm range, caused by the first
interferences of the GaN epitaxial layer and the buffer
layers.

Preparation of the GaN photocathode consists of sur-
face cleaning and surface activation. The sample was
chemically cleaned using pirana acid (H2SO4:H2O2) bath
to remove surface oil and other contaminants. The sam-
ple was then loaded into an ultra-high-vacuum (UHV)
chamber for heat cleaning and activation. It was heated

Fig. 2. Diagram of interface effect on transmission-mode pho-
tocathode photoemission. Ec: conduction band; EF: Fermi
level; Ev: valence band; E0: vacuum level; e: electron; δ:
amount of band bending; hν: photon energy; BBR: band
bending region.

Fig. 3. Structure of transmission-mode GaN photocathode
material. (a) Overall structure; (b) specific structure of buffer
layer.

Fig. 4. Transmission spectra of GaN photocathode material.

Fig. 5. Activation process of GaN photocathode.

and annealed at 700 ◦C to remove C, O, and other
impurities on the GaN surface, ensuring the atomic-
level cleanliness of the surface. Base pressures of the
UHV chamber were kept higher than 10−6 Pa during
the whole cleaning process. The GaN surface was then
treated using (Cs,O) activation technique to achieve a
negative electron affinity (NEA) state[8,9]. A 10-W/240-
V deuterium lamp irradiated the sample surface through
the quartz incident window of the UHV chamber to
monitor the photocurrent during the (Cs,O) activation
process. Photocurrent signal from the photocathode was
measured using a current collecting circuit and the pho-
tocurrent change during activation was recorded on-line.
Activation process of the GaN photocathode is shown
in Fig. 5. The photocurrent began to appear at the
beginning of Cs adsorption and increased at a steady
rate with cessation time. The photocurrent remained
unchanged and began to decline slightly, indicating that
sufficient amounts of Cs had been adsorbed on the GaN
surface and that the cessation was complete. Next, Cs/O
cycles were performed to further lower the surface elec-
tron affinity and increase the photocurrent. The whole
activation process ended after two to three Cs/O cycles.

The QE of the transmission-mode GaN photocathode
was measured using UV spectral response on-line test
technology. The measured result is shown in Fig. 6.
For comparison, Fig. 6 also shows the QE curves of
the transmission-mode GaN photocathode based on AlN
buffers[7], and the CsTe UV photocathode[3] which was
developed earlier and has a positive electron affinity sur-
face.

Results show that the prepared GaN photocathode has
obvious gate-shaped and flat spectral responses with a
starting wavelength of ∼260 nm and a cut-off wavelength
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Fig. 6. QE characteristics of different GaN photocathodes.

of 375 nm. The starting wavelength is determined by the
interband absorption of the Al0.55Ga0.45N buffer layer,
and the cut-off wavelength corresponds to the absorp-
tion threshold of the GaN emission layer. Most of the
light with a wavelength less than 260 nm is absorbed by
the buffer layer because light absorption increases with
the Al content of buffer layers and moves toward short
wavelengths. Few of the induced photoelectrons in the
buffer layer can reach the GaN surface due to the thick

buffer layer. Therefore, spectral responses at wavelengths
less than 260 nm are very small. When the incident light
wavelength is longer than 260 nm, the AlxGa1−xN buffer
layer becomes transparent in the absence of strong in-
terband absorption, and most of the light is absorbed
by the GaN emission layer. Most of the induced pho-
toelectrons in the GaN layer can reach the GaN surface
because the thickness of the GaN emission layer suits the
electron diffusion length. Therefore, spectral responses
at wavelengths more than 260 nm become much greater
and flat. The average QE within the response waveband
is 15%, which is much higher than the 5% top QE of the
GaN photocathode based on AlN buffer, and also higher
than the 10% QE of the CsTe photocathode. The long
wavelength UV response has a steep cut-off, and the short
wavelength responses of our prepared GaN photocathode
are almost equivalent to the long wavelength ones. UV
peak QE at 310 nm is 18%, and dark QE at 370 nm is
0.1%. The UV-visible rejection ratio is higher than 10%.

As shown in Figs. 1 and 2, interface characteristics
will directly affect UV response in the transmission op-
eration. The greater the interface recombination veloc-
ity, the faster the photoemission efficiencies fall. The re-
lationship between interface recombination velocity and
QE for transmission-mode GaN photocathodes can be
expressed as[10]

Ytb(λ) =
P · (1 − R) · αLD

α2L2
D − 1

×

{

αDn + Sv

(Dn/LD) · cosh(Te/LD) + Sv · sinh(Te/LD)

−
exp(−αTe) · [Sv · cosh(Te/LD) + (Dn/LD) · sinh(Te/LD)]

(Dn/LD) · cosh(Te/LD) + Sv · sinh(Te/LD)
− αLD · exp(−αTe)

}

, (1)

where P is the electron surface escape probability, R is
the total reflectivity of the substrate and the buffer, α is
the adsorption coefficient of the emission material, LD is
the electron diffusion length of the emission material, Dn

is the electron diffusion coefficient, Te is the thickness of
the emission layer, and Sv is the interface recombination
velocity between the buffer and the emission layers. The

Fig. 7. Influences of interface recombination velocity on QE
of transmission-mode photocathode.

diagram of the influence is shown in Fig. 7.
Figure 7 shows that when the interface recombination

velocity is Sv ≤ 105 cm/s, the cathode QE almost has no
attenuation. When the interface recombination velocity
is Sv ≥ 107 cm/s, the cathode QE begins to decay signifi-
cantly, especially the short wavelength efficiency, because
short wavelength radiation is mainly absorbed near the
interface and its photoemission is more easily influenced.
The QE curve of our prepared GaN photocathode shown
in Fig. 6 is flat and has uniform high emission efficien-
cies for both short and long wavelengths, which is con-
sistent with the photoemission with a smaller interface
recombination rate, as shown in Fig. 7. Using Eq. (1),
the experimental curve shown in Fig. 6 was further fit-
ted to assess the parameters of the cathode material and
process. Curve fitting results show that the interface re-
combination velocity of our prepared cathode is 5×104

cm/s, achieving negligible magnitude, which proves that
the design of the graded buffer layers is efficient in im-
proving the interface quality between buffer and emission
layers of the transmission-mode GaN photocathode. The
improvement of the interface quality is also beneficial in
obtaining high efficiency photoemission.

In conclusion, we have designed a transmission-mode
GaN photocathode based on graded AlxGa1−xN buffer
layers, and successfully conducted photocathode prepa-
ration and photoemission characterization. Compared



010401-4 CHINESE OPTICS LETTERS / Vol. 9, No. 1 / January 10, 2011

with the transmission photocathode with an AlN buffer,
this new type of transmission-mode UV photocathode
has a higher QE and more flat responses of short and
long wavelength UV. The graded buffer layer helps reduce
the interface growth stress between buffer and emission
materials, making these results beneficial to the improve-
ment of optical emission performance. The graded buffer
structured GaN photocathode will help promote the de-
velopment of UV detection.
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