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Persistent positive and transient absolute negative photoconductivity observed in
diamond photodetectors
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Persistent photoconductivity and optical quenching phenomena in boron-doped homoepitaxial diamond thin
films grown on type Ib (100) substrates were investigated. Boron doping induced positive persistent photo-
conductivity (PPPC) and photocurrent gain upon the illumination of deep ultraviolet (DUV) light. A deep
defect with a thermal energy of around 1.37 eV was deduced from the results of thermally stimulated current
measurements. An optical quenching experiment revealed a threshold photon energy of around 2 eV. The
difference between the thermal and optical energies of the deep defect suggests a large lattice relaxation. An
absolute transient negative photocurrent (TNPC) was observed for zero or weak electric fields with DUV light
illumination after optically quenching the PPPC. The absolute TNPC was due to transient electron filling of the
charged nitrogen in the substrate. The combination of the nitrogen in the substrate and the boron-related defects
in the epilayer was apparently responsible for the PPPC and TNPC effects. Therefore, the overall photore-
sponse properties of a thin epilayer deposited on a type Ib diamond substrate can be tailored by adjusting the

concentration of nitrogen in the substrate and of boron in the epilayer.
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I. INTRODUCTION

Wide-band-gap diamond is of great interest for solar-blind
deep ultraviolet (DUV) and radiation detectors. The perfor-
mance of diamond photodetectors is limited by persistent
photoconductivity (PPC) and sub-band-gap photoresponse.
PPC is a metastable effect that originates from macroscopic
or microscopic barriers and appears quite often in many
types of semiconductors.' Various defects such as grain
boundaries and non-diamond phases are mostly responsible
for the PPC effect and for visible light photoresponse in
polycrystalline diamonds.*® The use of homoepitaxial
single-crystalline diamond films has been pursued to avoid
these negative effects.”!1 However, recent work on ho-
moepitaxial diamond layers still revealed the appearance of
PPC,%!! and PPC is often related to a photocurrent gain. It is
thus essential to clarify the mechanism of PPC and gain to
enable the development of high-speed diamond DUV detec-
tors with high sensitivity.

Type Ib single crystalline diamond with a high nitrogen
content is the most widely used substrate for homoepitaxial
growth. The nitrogen acts as a donor and has a thermal acti-
vation energy of 1.7 eV below the conduction band.'? Geis et
al."3 postulated that ionization of the nitrogen interacts with
the diamond epilayer, which modulates the charge distribu-
tion in the substrate and epilayer, leading to optical switching
behavior. Since the properties of a photodetector based on a
thin homoepitaxial layer are affected by the substrate nitro-
gen, the role of nitrogen in PPC needs to be clarified. In the
present work, we show direct evidence of interaction be-
tween the epilayer and the substrate by observing the tran-
sient photoconductivity.

Boron is, as far as it is known, the prevalent acceptor
dopant in diamond, and it produces a complex electronic
structure. One prominent feature of this structure is that it
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induces p-type conductivity with ionization energy of 0.37
eV. There are also other energy levels associated with boron
impurity. Nebel et al.'* suggested the existence of long-life
excited states at 0.200, 0.240, and 0.266 eV above the 1-s
ground state in highly boron-doped diamond, which interact
with an unidentified defect at 3.36 eV. A deep level at 1.3 eV
above the valence band was detected by Muret et al.'> Ruan
et al.'%'7 claimed that the optical transition at 2.3 eV
strongly depends on the boron concentration. Lawson et al. '8
observed a luminescence band at 4.6 eV, a region rich in
boron and deficient in nitrogen. However, the effect of boron
on the photoresponse properties of diamond photodetectors
with DUV light illumination remains unclear.

The aim of our work reported here was to clarify the
photocurrent decay mechanism and gain of photodetectors
fabricated on boron-doped diamond thin epilayers deposited
on type Ib diamond substrates. We investigated the effect of
boron doping on the photoresponse behavior by conducting
experiments to measure the thermally stimulated current
(TSC), PPC decay, and optical quenching.

II. EXPERIMENTS

We grew homoepitaxial diamond layers on high-pressure
high-temperature synthetic Ib (100) diamond substrates us-
ing microwave plasma-enhanced chemical vapor deposition.
The source gases were CH, and H,. To grow high-quality
epilayers, we used a low ratio (0.08%) of CH, (0.4 ppm) to
H, (500 ppm), which resulted in a low growth rate (around
50 nm/h). The diamond epilayers were either intentionally or
unintentionally boron doped. Prior to film growth, the sub-
strates were sequentially boiled in HNO; solution containing
NaClO; for 3 h, boiled in a mixture solution of HF and
HNO; for 1 h, and cleaned in flowing deionized water for 30
min. Boron doping was done using trimethylboron

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.045112

LIAO et al.

TABLE 1. Devices used

Device Sample Structure
A Boron-doped epilayer/Ib SPD
B Unintentionally doped epilayer/Ib SPD
C Unintentionally doped epilayer/Ib MSM
D Ib substrate MSM
E Unintentionally doped epilayer/Ila MSM

[B(CH;);,TMB] gas with a flow rate of 3 ppm. The sub-
strate temperature was 900—950 °C. The epilayer thickness
was around 500 nm. The boron concentrations of the doped
and undoped epilayers were around 10'® and below
10" cm™, respectively. Both Schottky photodiode (SPD)
and metal-semiconductor-metal (MSM) photoconductors
with interdigitated fingers were fabricated. Prior to fabricat-
ing the devices, the epilayers were dipped in a boiling acid
solution of H,SO, and HNO; for 1 h to oxidize them. The
SPD was constructed from a Ti/WC ohmic contact and a
semitransparent WC or HfN Schottky contact.®!* The diam-
eter of the Schottky contact was 420 em, and the interspac-
ing between the Schottky and ohmic contacts was 10 um.
The MSM planar photoconductors were fabricated on an un-
doped epilayer.'! The MSM device was ohmic metallized by
annealing the Ti/WC contact at 600 °C for 1 h in argon
ambient. Five types of devices were fabricated and tested, as
listed in Table I.

The electrical and spectral measurements were carried out
in a vacuum chamber at a pressure of 0.1 Pa. The spectral
response was measured using a 500-W Ushio xenon lamp
and an Acton monochromator with order sorting filters.
White light (WL) was obtained by setting the wavelength to
zero in a spectrometer without a UV component. The tran-
sient photoconductivity for the SPDs was measured by illu-
minating 220-nm light (DUV) at forward biases. The follow-
ing experiments were performed to examine the PPC
behavior: (i) photocurrent decay for various devices under
dark conditions, (ii) photocurrent decay at different tempera-
tures for the boron-doped device, (iii) PPC quenching using
WL illumination at various biases, and (iv) spectrally depen-
dent PPC quenching. The transient photoresponse on the
DUV light illumination after optically quenching the PPC
effect was also measured. The TSC (Ref. 20) and PPC decay
experiments for defect identification were performed at Lab-
oratoire de Génie Electrique de Paris (LGEP), Centre
National de la Recherche Scientifique (CNRS) at 300 to 600
K. For the experiments at LGEP, deuterium and halogen
lamps were used for the DUV and WL illumination, respec-
tively.

III. RESULTS

The dark current-voltage (I-V) characteristics for device A
are shown in Fig. 1, and the device configuration is illus-
trated in the inset. The current was around 1077 A at a for-
ward bias, Vi, of =5 V and lower than 10713 A at a reverse
bias, Vg, of up to 30 V. The Schottky barrier height and the
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FIG. 1. (Color online). Dark I-V characteristics for device A.
Inset shows device configuration.

ideality factor of the Schottky diode were around 1.5 eV and
2, respectively. Note that the phenomena we observed at the
forward biases did not depend on the ideality of the diode.
For the other devices, little dark current (=10"° A) was
detected at =5 V.

A. Positive persistent photoconductivity

Figure 2(a) shows the time response of SPD device A with
a boron concentration, N, of 10'® ¢cm™ at Vy,=-5 V with
DUV light illumination. Long-time photocurrent decay was
observed following the illumination. We term this decay
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FIG. 2. Time response of devices (a) A and (b) B with 220-nm-
light illumination at a forward bias of Vp=-5 V.
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FIG. 3. (Color online). I-V characteristics with 220-nm-light
illumination for devices A and B (right-side axis shows correspond-
ing responsivity).

positive PPC (PPPC). Figure 2(b) shows the time response of
SPD device B with a low Ny concentration (<10 c¢cm™) at
Vr=-=5 V. Note that almost no PPPC appeared and that the
photocurrent decreased by five orders of magnitude within 1
s after the DUV light was switched off.

The I-V characteristics of devices A and B with DUV
light illumination in forward-bias mode are plotted in Fig. 3.
The right axis shows the corresponding responsivity. The
photocurrent of device A was much larger than that of device
B. The photocurrent gain was more than 10° for device A and
around 5 for device B at Vp=-10 V for an assumed quan-
tum efficiency of unity.?! Since the Schottky barrier height at
the interface between WC and diamond is around 1.5 eV, the
devices behaves like a photoconductor at Vp<-2 V. These
results show that the PPPC and gain increased with the boron
concentration.

B. Determination of thermal energy of deep defect

PPPC is usually related to the capture and emission pro-
cesses of carriers through deep defects. The thermal activa-
tion energy of the deep defect in the boron-doped diamond
sample was determined by the TSC method at a bias of
—2 V. The TSC curves (Fig. 4) were recorded after a steady
PPPC state was reached under DUV light illumination by a
deuterium lamp. The curve shown in Fig. 4(a) indicates that
there were multiple levels in the sample. To determine the
thermal activation energy of the deep defect, we used WL
illumination after the DUV light illumination. This process is
effective to separate the TSC signal, which leads to a domi-
nant peak with a maximum 7,, at around 470 K in the TSC
curve, as illustrated in Fig. 4(b). By plotting In(y/T2) vs
1/T,, for various heating rates v,>> we obtained an energy
level of around 1.37 eV for the peak, as shown in Fig. 5.

The thermal energy of the deep defect was also measured
by the photocurrent decays at different temperatures from
300 to 500 K. Figure 6 displays the normalized PPPC at
Vey==2 V for three typical temperatures. The PPPC re-
mained strong even at 420 K but decayed rapidly at 500 K.
We fit the experimental PPPC decay curves with a stretched-
exponential function:??

I(1) = I, exp[- (t/1P](0< B< 1), (1)

where B is the decay exponent, 7 is the decay time constant
at a certain temperature, I(f) is the current at time z, and I, is
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FIG. 4. TSC spectra of device A for a bias of -2 V at a heating
speed of 0.25 K/s. (a) after DUV light illumination to a steady state,
and (b) after DUV light followed by WL illumination.

the built-up photocurrent immediately after the DUV light
was switched off. The decay curves are well fitted by Eq. (1)
when B is set to 0.7. The extracted 7 was plotted as a func-
tion of the temperature, as shown in Fig. 7. The decay time
related to the thermal-activated recombination can be de-
scribed as?}

7 exp(E/kT), (2)

where E, represents the thermal activation energy of the car-
rier capture barrier. The fitting of Fig. 7 using Eq. (2) results
in an activation energy of E,=1.5 eV, which is close to that
obtained with the TSC technique. The same value was ob-
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FIG. 5. (Color online). Arrhenius plot of the TSC peak after WL
illumination. The slope gives a thermal activation energy of E,
=1.37 eV.
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FIG. 6. Normalized PPPC decay dynamics at different tempera-
tures for a bias of -2 V.

tained when the bias was set to Vy=-5 V. The energies
determined by the TSC and PPPC decay methods should
originate from the same deep defect since the fittings were
made in similar temperature regimes.

C. Optical quenching of positive persistent photoconductivity

We investigated the effect of the WL illumination at vari-
ous biases on the PPPC at room temperature. Figure 8(a)
shows the photocurrent decay for device A at a constant bias
of Vp==5 V, following DUV light illumination. During the
decay in dark conditions, the turning on and off of the bias
had no effect on the decay rate. When the device was illu-
minated with WL, the current dropped markedly and re-
mained at a lower level. It dropped further when the WL
illumination was switched off. The PPPC was quenched by
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FIG. 7. (Color online). Dependence of the time constants in the
PPPC on measurement temperature. The slope at high temperatures
gives a thermal barrier of 1.5 eV.
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FIG. 8. Evolution of the PPPC at Vp=-5 V with time before
and after the illumination of WL at (a) Vp=—=5 V and (b) Vp=
—30 V, where DUV represents the 220 nm light.

the WL illumination. On the other hand, the WL illumination
generated a portion of photocurrent without PPPC. After
quenching, the device was illuminated by the DUV light
again to reach the PPPC state. Figure 8(b) shows the time
decay of the PPPC at Vpy=-5 V after WL illumination at
Vr=-30 V. The increase in the forward bias during quench-
ing did not speed up the current decay either in dark condi-
tions or under WL illumination.

We examined the PPPC quenching by changing the bias
polarity to reverse-bias mode during WL illumination, as il-
lustrated in Fig. 9. The device was initially illuminated with
DUV light to obtain the PPPC state at Vp=-5 V. During
current decay in the dark, the bias polarity was switched to
the reverse mode with V=10 or 30 V. The decrease in the
current was simply due to the photodiode operating in
reverse-bias mode. When the device was illuminated with
WL, a quick rise in the current was observed. After WL
illumination for hundreds of seconds, the device was then
kept in the dark at V=10 or 30 V for hundreds of seconds.
Finally, the bias was again switched to a forward bias of
-5 V. The PPPC quenching at Vx=10 V shown in Fig. 9(a)
is similar to that shown in Fig. 8(a). The interesting finding
here is that the PPPC was completely quenched at Vj
=30 V, as shown in Fig. 9(b). This quenching at reverse bias
caused the photodiode to be insulating at all the investigated
forward biases.
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FIG. 9. Evolution of the PPPC with time upon the illumination
of WL at (a) Vxg=10 V and (b) Vz=30 V.

D. Absolute transient negative photocurrent

Figure 10(a) shows the time evolution of the photocurrent
for SPD device A with DUV light illumination at zero bias
after the optical quenching illustrated in Fig. 9(b). During the
initial stage of illumination, an absolute transient negative
photocurrent (TNPC), defined as a transient current flowing
in the direction opposite to that of the external electric field,
was observed. After a short period, the length of which de-
pended on the DUV light intensity, the photocurrent became
positive as normal. A TNPC was observed at low biases for
both devices A and B.

To determine whether the TNPC depends on the device
structure, we illuminated the MSM device made by using an
unintentionally doped epilayer grown on a type Ib diamond
substrate (device C) with WL. The device showed very low
dark current (<1073 A) up to 30 V and almost no PPPC.
The WL illumination was carried out at a large bias of 30 V,
after which the device was kept in the dark at this bias for
hundreds of seconds. Following this quenching process, the
device was again illuminated with DUV light. An absolute
TNPC appeared for both bias polarities as long as the bias
was low enough. As shown in Fig. 10(b), a more distinct
absolute TNPC was observed at a small positive bias of 2
mV. Therefore, the TNPC is independent of the device struc-
ture.
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FIG. 10. Transient response upon the 220-nm light illumination
after the optical quenching process as described in Fig. 9(b) for (a)
SPD device A at 0 V and (b) MSM device C at 2 mV. An absolute
TNPC appears at the initial excitation.

Similar quenching experiments were carried out for the
MSM devices fabricated directly on a type Ib substrate (de-
vice D) and an unintentionally doped epilayer (device E) on
a type Ila diamond substrate. The absolute TNPC was not
observed for either device.

E. Optical quenching spectrum

The spectral dependence of the PPPC quenching for de-
vice A was examined immediately after DUV light illumina-
tion. The wavelength was varied from 630 to 210 nm, and
the scanning direction was from long to short wavelengths
with a step of 2 nm. The time interval, A¢, between two data
points was 3, 10, 20, or 30 s with Vy=-5 V. The photocur-
rent decay in the dark is shown in a solid line within a simi-
lar period to ensure the reliability of the spectral quenching.
As shown in Fig. 11, a decrease in the PPPC was observed at
wavelengths (\) ranging from 350 to 550 nm for Ar=3 s.
The threshold wavelength of 550 nm shifted slightly to a
longer wavelength as Af was increased. On the short wave-
length side, the current increased when the wavelength was
smaller than 350 nm (3.5 eV), which agrees with our previ-
ous photocurrent spectrum.!’!® Therefore, monochromatic
light with A from 350 to 500 nm can quench the PPPC effect.
Quenching by any wavelength in this range with DUV light
illumination is capable of bringing forward an absolute
TNPC.
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FIG. 11. (Color online).Quenching spectra of the PPPC at -5 V
after DUV light illumination for different time intervals between
two points.

IV. DISCUSSION

We first summarize our experimental results briefly. (a)
The DUV photosensitivity and the PPPC were sensitive to
the boron concentration. A larger boron concentration pro-
duced a larger DUV photosensitivity and a stronger PPPC.
(b) A deep defect with a thermal activation energy of around
1.37 eV was found by the TSC measurement. The PPPC
effect was quenched by photons with a threshold energy of
around 2 eV. (c¢) The optical quenching of the PPPC effect
depended on the applied bias polarity for the SPD devices.
(d) An absolute TNPC appeared at low biases with DUV
light illumination after quenching at high biases for both the
SPD and MSM devices. The dependence of the PPPC and
TNPC effects on the sample and device structure is summa-
rized in Table II.

A. Mechanism of PPPC and gain

The SPD device structure revealed that the photocurrent
at forward biases was dominated by holes, as can be seen
from the rectified photocurrent-voltage dependence for
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TABLE II. Summary of PPPC and TNPC effects

Device Sample PPPC TNPC
A Boron-doped epilayer/Ib Yes Yes
B Unintentionally doped epilayer/Ib No Yes
C Unintentionally doped epilayer/Ib No Yes
D Ib substrate No No
E Unintentionally doped epilayer/Ila No

p-type Schottky contacts. The increase in the photocurrent is
a result of the increase in hole density Ap in the valence
band. For p-type diamond SPD, the contact for holes is
ohmic at large biases, but the electron flow from metal to
diamond is blocked. When the forward bias is larger than the
built-in voltage, the gain can be described as G=1+¢€,/ €, if
there are no defects.’> Given that electron mobility €, is
larger than hole mobility €,,>* the photocurrent gain at for-
ward biases larger than the built-in voltage of the ideal SPD
is principally no more than two. The appearance of a gain of
more than 10° (Fig. 3) accompanied by PPPC implies the
existence of a deep defect in the device.

We considered two origins for the carrier trapping, micro-
scopic deep defect E, located in the epilayer and macroscopic
nitrogen defect Ey in the substrate, as illustrated in Fig.
12(a), which shows an equilibrium band diagram for the
substrate/epilayer/WC junction. The SPD device structure
and the contact nature for diamond ensure that the dominant
TSC signal is due to holes, while the electron current is
trivial due to the high barrier in the diamond/metal interface
for electrons. The increase in the TSC current as the tempera-
ture (RT-470 K) increased means there was an increase in the
free hole density in the epilayer, which can be simply under-
stood by means of the detrapping of holes from an acceptor-
like level in the lower half of the band gap. If the deep defect
in the epilayer is donorlike and located in the upper half of
the band gap, the thermal detrapping of electrons will lead to
a reduction in the main signal rather than a peak in the TSC

A<350 nm 350<A<550 nm

A .
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(b) DUV light illumination
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FIG. 12. Band diagrams showing (a) the depletion of holes in the epilayer and formation of positively charged nitrogen in the substrate
at the equilibrium state, (b) trapping of electrons by the ionized nitrogen in the substrate during DUV light illumination, causing PPPC and
gain at forward biases, and (c) optical quenching by sub-band-gap light at reverse biases through hole retrapping by the deep defect or the
recombination between the electrons from the substrate nitrogen and the holes in the epilayer.
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spectra due to the electron-hole recombination. Therefore,
the defect E, in the epilayer is more possibly acceptorlike,
which may be related to boron. Increasing the boron content
increases the density of this defect, which leads to a larger
photocurrent. According to Lucovsky theory, photocurrent
Ipc originating from a deep level E; varies with photon en-
ergy hv in accordance with Ipc (hv—E;)'?/(hv)*. By fit-
ting Fig. 11 on the low-energy side, we obtained an optical
threshold energy of E;,=2 eV. This value is considerably
larger than the corresponding thermal energy of 1.37 eV,
suggesting that this defect exhibits a large lattice relaxation.
However, the second origin, the nitrogen in the substrate,
contributes significantly to the PPPC and gain effects since
they appeared only with UV light illumination. In this case,
the homojunction between the epilayer and the substrate
leads to the depletion of the epilayer holes, which forms
positively charged nitrogen in the substrate near the interface
[Fig. 12(a)]. Figure 12(b) shows a nonequilibrium band dia-
gram for DUV light illumination, which explains the mecha-
nism of increasing Ap. The charged nitrogen acts as a deep
trap for electrons under DUV light illumination. The filling
of the N* trap level mainly results from the photogenerated
electrons in the conduction band. The increase in the boron
concentration in the epilayer also increases the density of the
positively charged nitrogen in the substrate, leading to a
larger photocurrent gain. Due to the deep nature of nitrogen
and to the potential barrier between the substrate and the
epilayer, the photocurrent gain was always accompanied by
strong PPPC for the boron-doped epilayer. In fact, the optical
threshold for the quenching was similar to the energy for the
photoionization of the nitrogen in type Ib diamond.”> How-
ever, the thermal activation energy of 1.4-1.5 eV measured
by either the TSC or PPPC decay experiments was smaller
than that of nitrogen (1.7 eV), and the strong PPPC and gain
effects depended strongly on the boron content. Therefore,
we conclude that the PPPC and gain effects were due to both
microscopic and macroscopic defects. Note that there is no
evident dependence of the PPPC effect on the surface mor-
phology of the diamond thin film. From the TSC curve in
Fig. 4, we observed a rapid quenching at high temperatures
(>530 K), which caused difficulty in determining the sec-
ond peak energy.

During DUV light illumination, the nitrogen level in the
substrate was mostly occupied by electrons, and the deep
defect in the epilayer was mostly occupied by holes, sup-
ported by the TSC experiment. If the DUV intensity is
strong, the excess carrier density is much larger than the trap
density so the numbers of excess holes and electrons are
nearly equal. For weak DUV light excitation, as was the case
in the present experiments, the traps affect the photocurrent
significantly. In the simple case where only positive-charged
nitrogen plays a major role, the photocurrent gain in the
steady state can be described by?°

Ap/An=1,/7,= (1 +Ny/nyp), (3)

where Ap and An are the excess hole and electron concen-
trations, respectively, 7, and 7, are the lifetimes of the excess
holes and electrons, respectively, and nyy is the carrier den-
sity when the Fermi level is set to the same as the deep level
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position. Calculation based on Eq. (3) revealed that the
positive-charged nitrogen density, Ny, was unreasonably
low, supporting the complex trapping and detrapping process
discussed above. An increase in the boron concentration in-
creases both the E, and Ey density, thus increasing the pho-
tocurrent gain and simultaneously the decay time. Control of
the boron concentration is therefore very important in bal-
ancing the sensitivity and response speed. On the other hand,
random local-potential fluctuation (RLPF) has also been pro-
posed for the PPPC state in semiconductors.?’” However, we
found that the PPPC effect was stronger at lower tempera-
tures and that it was thermally quenched at higher tempera-
tures. This is a typical feature of deep defects. Also, no ob-
vious dependence of the PPPC effect on the DUV light
intensity and the forward biases (larger than the built-in volt-
age) was observed. Therefore, RLPF is unlikely the main
reason for the PPPC here.

B. Origin of PPPC quenching

The mechanism of the PPPC quenching is discussed using
Fig. 12(c), which shows a band diagram illustrating the
quenching process using WL illumination at reverse biases
following DUV light illumination. When the illumination
was done using sub-band-gap photons with energies in the
range 2.2-3.5 eV, there was simultaneous capture of holes
from the valance band by the deep defect related to boron
and ionization or reionization of the nitrogen in the substrate.
The former effect causes the current to return to the original
state, which is the usual detrapping process.”® The ionization
of nitrogen generated free electrons [Fig. 12(c)], which de-
pletes the free holes in the epilayer to a density lower than
the initial dark value, causing negative
photoconductivity.’>?* The speeding up of the optical
quenching process at high reverse biases is evidence that
nitrogen originates from the substrate since high reverse bi-
ases lower the barrier for electrons between the substrate and
the epilayer. Because the nitrogen in diamond is a deep de-
fect, the negative photoconductivity is also persistent. If the
boron concentration is sufficiently low, the device will be
persistently insulating after the quenching process because
the holes are completely depleted in the epilayer, which was
observed experimentally [Fig. 9(b)]. The participation of the
substrate nitrogen in the photoresponse was supported by the
appearance of visible light response at higher reverse
biases.!” Due to the optical quenching, the DUV photocur-
rent for the device fabricated on the epilayer/Ib (100) dia-
mond substrate decreased when a WL was illuminated simul-
taneously with the DUV light. The disappearance of PPPC
with the WL light illumination confirms that nitrogen also
plays a role in recombination. The PPPC quenching is a slow
process since electrons (substrate) and holes (epilayer) are
separated in space.

C. Mechanism of TNPC

An interesting question concerns the origin of the absolute
TNPC, which differs from the traditional negative
photoconductivity.?>?* The absolute TNPC has been treated
theoretically for bulk GaAs and InSb semiconductors, which
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was in nanosecond scale due to the partial inversion of the
photoexcited electron distribution in the transient regime.? It
was regarded that the absolute TNPC was difficult to observe
either in bulk or heterostructure semiconductors with station-
ary photoexcitation.’® Nevertheless, we observed the abso-
Iute TNPC in a nearly second scale under a stationary con-
dition. We excluded the effect of charge accumulation near
the electrodes by observing the TNPC in a symmetrical
MSM photoconductor. The absence of TNPC in devices D
and E demonstrates that TNPC is due to an interaction be-
tween the epilayer and the substrate. After quenching the
PPPC effect with WL illumination, free electrons generated
in the epilayer with DUV light illumination diffuse to the
substrate and fill in the ionized nitrogen. In the initial stage
of DUV illumination, the predominant current arises from
the electron flow from the epilayer to the substrate. As more
electrons are generated, the ionized nitrogen level is neutral-
ized, and the epilayer becomes conductive. Therefore, the
absolute TNPC is the transient electron current from the
electrodes to the substrate. In fact, TNPC can only be ob-
served for low electric fields smaller than the built-in poten-
tial at the interface between the substrate and epilayer. In our
case, for the unintentionally doped diamond epilayer, the
maximal voltage for the observation of the TNPC effect was
5 V. Our observation of the absolute TNPC further supports
that the nitrogen in the substrate quenches the PPPC.

To summarize briefly, the nitrogen in the substrate along
with the boron in the epilayer tailor the overall photore-
sponse properties of a thin epilayer deposited on a type Ib
diamond substrate: (i) the substrate nitrogen reduces the sub-
band photoresponse in the visible light regime through opti-
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cal quenching, (ii) the ionization of the neutral nitrogen
speeds up the response time, and (iii) the trapping of elec-
trons by the positively charge nitrogen in the substrate com-
bined with the boron in the epilayer increases the DUV sen-
sitivity. The formation of a homojunction between the
substrate and epilayer means that even a thin homoepitaxial
layer can improve the spectral response of a diamond photo-
detector significantly.

V. CONCLUSION

In conclusion, PPPC and photocurrent gain were observed
on boron-doped homoepitaxial thin films grown on type Ib
diamond substrates. The PPPC and gain effects were ex-
plained in terms of the boron-induced deep defect with a
thermal activation energy of 1.37 eV and the spatially
charged nitrogen in the substrate. Optical quenching experi-
ments revealed a threshold at around 2 eV, indicating that the
defect exhibited a large lattice relaxation. The ionization of
the nitrogen in the substrate with WL illumination quenched
the PPPC state by depleting the holes in the epilayer, causing
the photodetector insulating. An absolute TNPC appeared
with DUV light illumination after WL quenching due to elec-
tron filling of the charged nitrogen level.
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