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Abstract:

We study the photocurrent induced by pulsed-light illumination (pulse
duration is several nanoseconds) of single-crystal diamond containing
nitrogen impurities. Application of additional continuous-wave light of the
same wavelength quenches pulsed photocurrent. Characterization of the
optically quenched photocurrent and its recovery is important for the
development of diamond based electronics and sensing.

Introduction

With unique properties such as a wide bandgap, high thermal conductance and broadband
optical transmittance, diamond has found a broad range of applications in opto-electronics
including electron emitters [1], windows for high-power lasers [2], and x-ray detectors [3].
Diamond can contain a wide variety of impurities and defects [4], which can be photo-excited
to conduction band by light of different wavelengths to generate photocurrent. In general, the
diamond’s photoelectric properties, such as optical absorption spectra and photon-to-electron
quantum efficiency, depend strongly on the doping impurities [5,6]. In addition, diamond
impurities like nitrogen vacancy (NV") centers have applications in the research for quantum
computing [7-9], quantum optics [10], quantum electronics [11,12], as well as in sensing [13].
Measuring photocurrent will aid in our understanding of the defects’ energy levels and
provide an insight into diamond’s photoelectric properties.

Optical quenching of photocurrent in diamond was first discussed in boron doped epitaxial
diamond films grown on nitrogen-rich type Ib diamond with continuous wave (CW) deep
ultraviolet (DUV) excitation light and white quenching light [13]. The CW DUV light and
white light with non-overlapping spectra play distinctive roles with regards to mobile
electrons and holes, and thus result in excitation or quenching of photocurrent. However, there
is no previous report of excitation-quenching behavior of photocurrent at the same
wavelength in diamond. Recently, photocurrent detection of magnetic resonance (PDMR) in
the ground-state of the NV~ centers was reported [14], however, with a large background
unrelated to the NV~ centers. The investigation of whether the optical quenching effect
reported here may be used to increase the contrast of PDMR, as well as the search for NV
centers’ metastable state level, open the way to practical quantum applications of this
technique.

Here, we present our investigation of optical quenching and recovery of photocurrent in bulk



diamonds. Continuous-wave 532 nm laser light was found to quench the photocurrent
produced by pulsed lasers of various wavelengths between 532 nm (inclusive) and 660 nm. In
addition, the residual (incompletely quenched) photocurrent was found to decrease with
increasing CW laser intensity until saturation. When the CW laser was removed, the residual
photocurrent gradually recovered to the unquenched level with a recovery time that was found
to depend on bias voltage, pulsed-laser wavelength, and pulsed-laser intensity.

Experimental methods

In this report, single-crystal bulk diamonds of different types were studied: chemical vapor
deposition (CVD) Ila, and high temperature high pressure (HTHP) Ib with different
concentrations of nitrogen-vacancy centers (NV"). The nitrogen and NV concentrations of the
four samples studied are presented in Table 1. The primary sample studied is a CVD Ila
single-crystal bulk diamond with intrinsic nitrogen concentration of < 1 ppm (Sample 1).
Samples 1, 2 and 4 were irradiated with relativistic electrons and annealed with the initial goal
of creating NV~ centers; we note that such treatment reduces the concentration of interstitial
defects [15] and suppresses surface conduction [16].

For each sample, a pair of titanium/gold electrodes was deposited onto the surface with a 20
um gap and a bias voltage of up to 80 V was applied across the electrodes. The photocurrent
was either excited with a 532 nm pump pulsed laser (Spectra Physics Q-switched Nd-YAG
laser DCR-11 with ~10 ns pulses at 10 Hz repetition rate) or with a tunable dye laser (Quanta
Ray PDL-2; pumped with the Nd-YAG laser). The pulsed-laser beams were focused to a plane
slightly above the surface of the diamond, such that the beam nearly fills the 20 um gap
between the electrodes. In addition, a collimated CW laser with a beam diameter of 0.5 mm
was applied to the entire region as shown in Fig. 1(a). When appropriate, a fast current pre-
amplifier (Stanford Research Systems SR445) was used to enhance the signal-to-noise ratio of
the detected photocurrent. The signal is then recorded on an oscilloscope.

Results

[Mlumination with 532 nm pulsed light produces an electric response of ~30 ns duration; the
relationship between the integrated current and pulse energy is shown in Fig. 1(b). When the
sample was co-illuminated with both an unfocused 532 nm CW laser light at 1.3 W/mm?
and a 532 nm pulsed laser at 0.14 mJ per pulse, the detected photocurrent was reduced
(quenched) by up to an order of magnitude, as shown in Fig. 1(c). This order-of-magnitude
reduction in photocurrent is only observed in three of the four diamonds studied (see Table 1),
the exception being the type Ib diamond with many NV centers (sample 4). Because samples
3 and 4 are from the same diamond batch, the difference between samples 3 and 4 in
photocurrent and quenching can be primarily attributed to irradiation with electrons and
annealing, which were only performed on sample 4. These changes might be caused by the
conversion of the charge state of nitrogen defects from neutral to positive, reducing the
number of electron donors, and increasing the fraction of nitrogen defects that can accept
electrons. We also note that that HTHP diamonds (samples 3 and 4) require significantly less
precise positioning of the pulsed beam between the electrodes in order to produce
photocurrent than what is required for the CVD diamonds.

To investigate the dynamics of optical quenching of photocurrent, we use a
quenching/recovery sequence, whose timing diagram is shown in Fig. 2 (top). Initially, the
photocurrent produced by the 532 nm pulsed laser (140 WJ) alone is monitored. Then after 10
s the CW laser is switched on, and after another 20 s it is switched off. During the entire
sequence a bias voltage of 60 V is applied. The oscilloscope trace is recorded each second (10
pulses), and integrated to obtain an average integrated photocurrent. We perform this
procedure on sample 1 with four different CW laser powers to obtain the plot shown in Fig. 2



(bottom). The electrical background signal produced by the Q-switch trigger pulse is
subtracted from the signals. As shown in the plot, the photocurrent is quenched during CW
laser illumination and gradually recovers after the CW laser is removed. The residual
photocurrent decreases with increasing CW laser power over the range of powers studied, as
shown in Fig. 2 (Inset).

Discussion
In the case of the photocurrent in a sample with low absorption, the photocurrent density may
be expressed as [17].

j=eutne(l—R)aV/d, ey

where e the unit charge, y is the carrier mobility, T is the excitation life time, 1 is the
photon-to-electron quantum efficiency, ¢ is photon flux, R is reflectivity, a is the
absorption coefficient, V' is the bias voltage, and d is the electrode gap separation. The
photocurrent in our samples is found to be linear in bias voltage, and we obtain very rough
estimates for quantum efficiency of 0.5 for sample 1 and 0.2 for sample 2 using our
experimental parameters and literature values for absorption of 2 cm™ [18] and for the
mobility-lifetime product of 10™* cm?/V for type Ila diamond [19].

The relationship that we observe between photocurrent and CW laser power can be explained
by a simple physical model: electrons transit from electron donor defects, such as
substitutional nitrogen (P1 centers), to the conduction band excited by photons provided by
the CW laser, then fall into trap defects such as neutral nitrogen-vacancy centers (NV"). The
pulsed laser does likewise, but also excites electrons from the traps to the conduction band via
a short-lived intermediate state (in the case of NV, this would be the excited triplet state). The
CW laser is not intense enough to excite significant numbers of electrons from the trap state at
the same rate as the pulse laser, so between pulses electrons are shifted from donor states to
trap states, thus producing the quenching effect that we observe. With our experimental
settings, the intensity of the light from the pulse laser for the duration of the pulse is 7-8
orders of magnitude higher than the light intensity from the CW laser. Thus, the optical
quenching of the photocurrent increases with increasing CW laser power until saturation is
reached (more than 90% quenching based on our data).

The photocurrent recovery process as a function of time after removing the CW 532 nm light
was fitted with a stretched exponential of the form (Kohlrausch function)

I(t) =1, (1 - e‘@ﬁ) (2)

where I(f) is the time dependent photocurrent, ¢ is the elapsed time since the moment when
CW light was turned off, 7 is the recovery time, and f is a constant. The stretched
exponential is consistent with the previous studies of transient photocurrent discharging and
charging in diamond [20], as well as fluorescence decay commonly found in some crystalline
solids like porous silicon or CdSe-ZnSe [21]. Whether it is due to a time dependent decay rate
or a superposition of several exponential decays is still unclear [22]. The fact that the
stretched exponential form exists in many materials may suggest a common property, related
to charge-trapping kinetics.

The recovery time 7 is plotted as a function of pulsed laser energy [Fig. 3(a)] for 532 nm
light. The recovery time shortens with increasing pulse energy, which is consistent with the



assumption that the pulsed light depopulates the trap. The photocurrent recovery time also
depends on the DC bias voltage as shown in Fig. 3(c) for two pulsed-laser wavelengths/pulse
energies: 532 nm at 70 wJ and 585 nm at 60 WJ. The recovery times at 60 V were 2.4 s and 15
s, respectively, which is a difference much larger than what one would expect from changing
only the pulse energy. At 630 nm, the recovery takes several hours. The recovery dynamics
were found to obey the stretched-exponential function with = 0.6~1.1. In general, longer
wavelength, smaller pulsed laser energy and voltage results in higher f [Fig. 3 (b)(d)]. We
found that the photocurrent recovery time shortens with increasing bias voltage, suggesting
that the higher photocurrent at higher bias voltage depopulates the electron traps faster. This is
in contrast to previously reported diamond transient photocurrent decay [5,20] that is voltage
independent. While the recovery time constant was found to strongly depend on both the
applied voltage and pulse energy, we did not observe a significant dependence of the recovery
time on the CW laser power. As for the quenching-onset dynamics when the CW light is
turned on, an exponential fitting of the the photocurrent dynamics reveals no significant
dependence on either the bias voltage or pulsed laser power; however, the optical quenching-
onset time is reduced with increased CW laser power.

With the proposed trap model, the recovery time of the optically-quenched photocurrent
depends on the rate at which electrons are removed from traps. In diamond’s electronic band
structure, external bias voltage shifts both conduction- and valence-band energy levels. In
addition, the trap to conduction band electron transition rate depends on energy difference
between the trap level and the voltage-dependent conduction-band level. During the
photocurrent recovery, some electrons transit from traps to the conduction band and thus the
photocurrent-recovery time is dependent on external biased voltage.

When a red laser pulse is applied a few nanoseconds after the end of each green laser pulse
(532 nm at 70 pWJ and 630 nm at 60 WJ ) at a bias of 60 V, the recovery rate is 3.7 times faster
than with green pulse excitation alone. Furthermore, applying a red pulse alone gives a slow
recovery time of 90 minutes. This can be explained by the proposed model if the trap can only
be excited to an intermediate state by green light, but from there it can be excited to the
conduction band by either red or green light, as shown in Fig. 4.

In our conduction-band-trap model, we assume that P1 centers are the electron donors
because these are the dominant defects in the diamond investigated here. We must reject the
possibility that the electron trap is NV° because NV~ has a zero-phonon-line (ZPL) of 637 nm,
which means that 630 nm light should be nearly as effective as 532 nm light at depopulating
the trap state, contrary to what is observed. From observation of the four different samples, it
is found that photocurrent and quenching can be observed in both type Ib and type lla
diamond, suggesting that they share a common underlying mechanism. Also, we can infer
from the large observed differences between samples 3 and 4 that the process through which
NV’ centers are produced in the type Ib diamonds greatly reduces both photocurrent and
quenching.

To address the possibility that the quenching of photocurrent might actually be due to heating
induced by the CW laser, we performed the following experiment: the CW laser and pulsed
laser are switched on for 20 s, during which time the photocurrent rapidly decreases to the
“quenched” level. Then the two lasers are switched off for a varied delay time, after which the
pulsed laser is switched back on and the photocurrent is measured. We observed no change to
this photocurrent level at different delay times, which would be expected if the quenching
effect were caused by heating. Furthermore, an estimate of the heating caused by the CW
laser predicts a slow rate of 0.1 °C per second, which is orders of magnitude smaller than
what would be required to form a plausible model where the quenching dynamics are



governed by heating effects. Other possible causes of the photocurrent quenching include the
shortening of the excited-state lifetime in the presence of CW light analogous to what stronger
irradiance does to metal enhanced fluorescence [23], and light-induced change of carrier
mobility due to formation of polar traps [24]. However, these possible explanations require
further modification and introduction of new assumptions to fully explain all the observed
phenomena reported here, specifically the lengthy recovery time.

In summary, we studied optical quenching and recovery of photocurrent in bulk single-crystal

diamond. Notably, in the presence of CW light of the same wavelength we observed an order
of magnitude reduction of photocurrent. The dependences of the recovery and quenching
times on external bias voltage and light intensity were also investigated in this work. Based on
these data, we suggest a model in which the electron donor center is ionized by a single green
photon, and the electron trap state can in turn be ionized by two photons. Furthermore, the
observations are consistent with the trap having an excited state that can be populated by
green light, which can then be ionized with red light. For single-crystal diamond, the study of
optical quenching of photocurrent paves the way to better understand electronic levels of
defects in diamonds. In addition, the investigation of photocurrent dynamic time constants in
this report constitutes a new general method to probe photoconductive semiconductors’
electric properties.
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Table.1 Samples of single-crystal diamond used in this work.

Nitrogen concentration, NV concentration, integrated photocurrent, quenching ratio. We define quenching ratio to be
the maximal observed reduction in photocurrent divided by unquenched photocurrent. The values for integrated
photocurrent per pulse and quenching ratio were measured with the 532 nm pulsed laser at 20 pJ per pulse, with a DC
bias voltage of 80 V. Samples 3 and 4 are from the same batch of diamonds, but sample 4 was irradiated with
electrons and annealed to produce NV centers.

[NJinppm [NVT]inppb Integrated photocurrent Quenching ratio
per pulse (pC)
Sample I <1 3 2 87%
Sample2 <1 11 5 90%
Sample 3 100 <1 7 72%
Sample 4 100 5000 0.5 <20%
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Fig. 1. (a) Experimental setup. The dye-laser light or the light from the doubled YAG was focused through a lens to
the side of the diamond where the electrodes were deposited so as not to illuminate the electrodes, while a collimated
180 mW CW 532 nm laser light with a beam diameter of 0.5 mm directly illuminated the entire electrode region. (b)
Photocurrent amplitude vs. 532 nm pulsed laser intensity of sample 1 (c¢) Time trace of pulsed photocurrent in sample
1 produced by illumination with a 0.14 mJ 532 nm pulsed laser. Blue line: photocurrent with 532 nm pulsed light
before CW 532 nm light illumination. Black line: photocurrent with both 532 nm pulsed light and CW 532 nm co-
illumination. Red line: photocurrent with 532 nm pulsed light after removing CW 532 nm light illumination
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Fig. 2. Optical quenching of pulsed photocurrent with CW light. (Top): Timing for the photocurrent-suppression and
recovery measurement. The 532 nm pulsed laser remained on throughout this experiment, whereas the 532 nm CW
laser was only on for 20 s. (Bottom): Time-integrated pulse photocurrent (in charge units) versus elapsed time for
different CW light powers intensities in sample 1: Blue = 46 W/cm2, Red = 65 W/cm2, Magenta = 102 W/cm2, Black
=130 W/cm2. Photocurrent suppression by an order of magnitude is observed at the highest laser power. (Inset):
Dependence of quenched pulse photocurrent on CW light power.
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Fig. 4. Proposed model for optical quenching of photocurrent in diamond.





