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The study of nitrogen-vacancy (NV) centers in diamond films are growing attractive
in the application of quantum devices. Here, electrical control of NV charge state and
defects induced by nitrogen ions implantation in diamond films were investigated by
transient photocapacitance (TPC) spectroscopy and photoluminescence (PL)
spectroscopy. The experiments show that thresholds of 1.2 eV appeared in TPC spectra

are probably due to the presence of excited defect energy levels related to vacancy or
NV center. Alternatively, the 2.2 eV defect observed in the TPC spectrum is probably
attributed to the NV centers. The variation of PL spectra with different applied voltages

suggests that bias voltages control the charge state of the NV centers since their effect

on the Fermi level shifting in the depletion region.



1. Introduction

Nitrogen-vacancy (NV) centers in diamond films are intensively investigated for
the accomplishment of quantum devices because of the optical addressing and
microwave control of their spin state even at room temperature'. Nowadays, the
widely used method to produce NV center is the nitrogen ion implantation followed by
annealing at high temperature, controlling their distribution by changing the energy and
dose of nitrogen ions>”). For the applications, the charge state control of the NV centers
is crucial®!?, because the realization of individually addressable spins of the NV
centers is only possible in a negative charge state'*. And a fast switching between
different charge states is also very important'). One problem is that surface
terminations and defects affect the near-surface NV centers'> 13,

In this research, electrical control of NV center charge state and defects induced
by nitrogen ions implantation in the diamond are investigated by transient
photocapacitance (TPC) spectroscopy and photoluminescence (PL) spectroscopy.
Because of the pretty wide bandgap of the diamond up to 5.5 eV'¥, it is difficult to
detect the defects without photoexcitation'> 1. TPC spectroscopy and photocurrent
spectroscopy are good choices as the most sensitive methods for diamond
semiconductor defect testing!®!®. Although both measurements are sensitive to deep
levels in diamond, one thing must be noted that the recombination may affect the result,

since there are two signs of free carriers in photocurrent spectroscopy!®> 2%

. However,
it is different in TPC spectroscopy. Electron and hole transitions give opposite sign
signals, so it may readily observe the optical and thermal excitation processes'®2%. And
the other important point is that photocapacitance detects only the net charge variation
in the depletion region?"). Besides, since the NV center is optically active, the
identification of the charge state of NV centers can be realized by PL spectoscopy® 2.
We have previously used transient photocapacitance spectroscopy to detect defects in
diamond Schottky diodes?®. Here, by applying different reverse bias, the TPC

spectrums and PL of ion-implanted diamond films were measured. From the achieved

spectrums, electrical control of the NV center charge state was discussed. The optical



transition process of defects was investigated by Steady-state photocapacitance

measurement.

2. Experimental methods

A high-pressure/high-temperature 1Ib diamond substrate (001) (with an off-angle
of 3.5°) was used to fabricate the vertical Schottky barrier diodes. A 1 um thick slightly
boron-doped (3*10® ¢m™3) the homoepitaxial diamond layer was grown on the
substrate using microwave plasma chemical vapor deposition technique (MPCVD)?¥.

After the deposition, half of the diamond epitaxial layer was nitrogen ion-
implanted with an energy of 80 keV equivalent to a mean depth of 100 nm according
to an SRIM simulation and with a dose of 10'? ions/cm? at 600 ‘C. The SRIM
simulation result was shown in figure 1. The sample was annealed for 1 h at 1000 °C
to create Nitrogen-Vacancy centers. From S. Pezzagna’s report®, they experimentally
showed that the creation efficiency of NV centers largely depends on the implanted ion
energy. In the 80 keV case, the production efficiency of NV centers is around 10%.
After that, we deposited sandwich structure contacts using a photolithography
technique, several Schottky electrodes with 10 nm thick Mo (300 um in diameter)
evenly on the whole surface, and Ohmic electrode with Ti (30 nm)/Pt (30 nm)/Au (100
nm) on the whole backside. The Ti/Pt/Au electrode was annealed for 30 min at 420 °C
to give rise to Ohmic properties by forming titanium carbide?®). As Schottky electrodes,
Mo electrodes were fabricated after UV ozone treatment, which can form oxygen-
termination diamond surface?”.

In other words, the Schottky diodes fabricated on CVD boron-doped diamond
layer were divided into two parts, with and without nitrogen implantation. Figure 2
shows (a) the schematic diagram of the sample structure, and (b) the top view of the
sample. In figure 1(b), the part covered by shadows is the area without ion implantation,
and the small bright yellow circle is the gold (100nm) deposited on the electrode for
the wire bonding.

Photocapacitance spectra were measured with the illumination of a halogen lamp



(wavelength, 400-1200nm), based on a monochromator setup. The Schottky electrode
was covered by the light spot. The transmittance of the 10 nm Mo electrode is above
50%?2%. Before the measurements, the Schottky diode was relaxed under dark
conditions for a sufficiently long time at room temperature. An electronic shutter
controls the on and off of the illumination on the sample. The TPC signals were
executed by a Boonton 72B capacitance meter with a frequency of 1 MHz with a
quiescent bias of a reverse bias voltage and a filling pulse bias of OV. The pulse width

and duration were 500 ms and 10 s, respectively.

3. Results and discussion

3.1 The transient photocapaitance spectroscopy

Figure 3 shows the current-voltage characteristics of both areas in the diamond
Schottky barrier diodes. The red and black curves are signals of Schottky diodes
fabricated in the areas with and without ion implantation, respectively. The large
difference between the forward current and leakage current indicates that the Schottky
barrier diodes have good rectification properties. Details of diode parameters are shown
in Table I. A lower forward current in the implantation area is because of higher defect
density which affected effective carrier concentration and diode series resistance®®. A
large value of the ideality factor n (for an ideal diode n=1) in without implantation area
can be attributed to the presence of the interface, series resistance, etc’?. In the
implantation area, the implantation of nitrogen into the p-type diamond film may form
an intrinsic region, the ideality factor exceeds the theoretical value of 2 when the
recombination is extended to a wide region3.

Figure 4 shows the TPC signals normalized by the photon flux (Stec) as a function
of the photon energy. The red and black curves are TPC signals of Schottky diodes
fabricated in the areas with and without ion implantation, respectively. There are two
thresholds in the red curve, which is probably because of the existence of excited defect
energy levels. The spectra were fitted with a Lucovsky function for photoionization

cross section3?3%):
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where hv photon energy, E; photoionization energy of the defect.
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The obvious increase from around 1.2 eV of photocapacitance in spectra should
be due to the hole emission from traps in the depletion region of the Schottky diodes.
The threshold of 1.2 eV appears in both signals, where the intensity of the signal in the
implantation area is higher. However, it was found in the report from Zeisel et al that
even in synthetic type IIb diamond, a defect at corresponding energy could be detected
19, So that means the 1.2 eV defect signal can be enhanced by nitrogen implantation
and the possible chemical candidate may be assigned as vacancy or NV center. The 2.2
eV defect only exists in the implantation area, which probably is attributed to the NV
center. Because the observed absorption and the zero phonon line (ZPL) energy of the
NV center were obtained in Weber et al.’s reports®®, which is 2.27 eV and 2.02 eV, and
also in good agreement with some previous experiment®® as well as with calculations’®.

It was known that the charge state of NV centers varies with different biases
because of the variation of the Fermi level in the depletion region® 3”). To try electrical
control of the NV center, TPC spectroscopy was measured under different quiescent
biases (reverse bias), as shown in figure 5. From G. M. Matain’s reports®®, the transient
photocapacitance is increasing with higher reverse bias. The experimental result below
2.2 eV is a good agreement to it. However, after 2.2 eV, the spectrum shape changed,
the capacitance is not increasing with higher bias. It is assumed that the change is from
the variation of the charge state of NV centers. When applying reverse bias, the Fermi
level may cross the NV [evel, some NV* change to NV?'D. Another assumption is the
distribution of the NV center at 100nm. The ratio of NV distribution and depletion layer

may affect the result.
3.2 The photoluminescence spectroscopy

The PL spectra have been measured under different bias conditions to identify the
electrical control of the charge state of NV centers as shown in figure 6. At zero bias,
since the NV centers are mainly the NV* and NV? in the boron-doped diamond film,

there is only an NV° signal with the characteristic ZPL at 575 nm, and its phonon



sideband (black spectrum in Figure 6). By applying the reverse bias of -10 V, the
intensity of NV signal slightly decreases without noticeable difference of spectrum
shape (pink spectrum in Figure 6). When increasing the reverse bias to -20 V and -30
V, the PL spectra show clear NV~ signals with the characteristic ZPL at 637 nm and its
phonon sideband and the intensity of the NV signal drastically changed (blue and green
spectrum in Figure 6).

The variation of PL spectra with different applied voltages suggests that applying
different bias voltages can control the charge state of NV centers due to their effect on
the Fermi level in the depletion region of Schottky contact. The band diagram was
shown in figure 7, for 0 bias, since the Fermi level is around the N V*/0 transition level,
the NV centers are mainly NV° and NV*. When applying reverse biases on Schottky
contact, the Fermi level starts to cross the NV*/? and then the NV°/~, so the NV
centers become from NV* to NV° and then to NV~. Between 0 V and -10 V, there is
only NV intensity change but not spectrum shape changes, which is because NV~ is
not saturated at all. For this reason, it was assumed that the change of NV* and NV°

concentration may influence the TPC result with different reverse biases.
3.3 The steady-state photocapacitance

To investigate the optical transition property of 2.2 eV defect observed in TPC
spectroscopy, steady-state photocapacitance as a function to time with a wavelength of
564nm was measured under 0 bias and reverse bias. The results were displayed in figure
8. Under 0 bias, as shown in the black curve in figure 8, the capacitance gradually
increases under illumination, which is caused by the capture of electrons from the
valence band into 2.2 eV level (release of holes from 2.2 eV level to the valence band).
This process lasted over twenty minutes and still did not reach a stable state. It can be
seen that because the energy level in diamond is too deep, the time it takes for electrons

to fill the trap is very long.

The amplitude of the photocapacitance transient can be given as follows'® 39,
— CoNe
AC = 2)

Where Cy the junction capacitance of the Schottky diode under dark condition, N; the



trap density, and Na the acceptor density. However, one thing to note is that in our
sample, part of the area on the Schottky electrodes was covered by gold for wire
bonding, the light cannot completely penetrate the entire Schottky electrode. But the
capacitance measured the change of net charges in the entire depletion layer under the
electrode. So here, the exact value of the transient photocapacitance is not convincing
enough, it can be only roughly estimated the order of magnitude of defect density and
the photoionization cross-section. The obtained defect density (Nt) based on Eq. (2) is
on the order of 10! cm, which is a good agreement with 10% of the SRIM simulation
result of nitrogen ion implantation®. Then the photoionization cross-section is on the
order of 10°1° cm?.

After the light stops, in addition to the non-equilibrium carrier recombination
through the recombination center, the carrier in the trap is gradually released and
recombination to reach the equilibrium state. Therefore, when the light stops, the
photocapacitance decay time will increase significantly. Especially for the trap with the
deep energy level in wide bandgap semiconductors, the thermal excitation rate of the
trapped carrier is minimal, and then the photocapacitance decay time will depend on
the slow electron release process, sometimes very long.

The red curve in figure 8 shows the steady-state photocapacitance results with
applied reverse bias. Under the light, the time for electrons to fill the trap is significantly
reduced due to the applied reverse voltage. Compared with more than 20 min under 0
bias, it only takes about 12 s to reach the stable state photocapacitance after applying
reverse bias. After stopping the light, the time for electrons to release from the trap is
also greatly reduced. It is very obvious that when applying bias, a higher electrical field

enhances the process of filling and releasing, the decay time decreases*?).

4. Conclusions

Electrical control of NV center charge state and defects induced by nitrogen ions
implantation in diamond films has been investigated by transient photocapacitance

(TPC) spectroscopy and photoluminescence (PL) spectroscopy. Defect levels at 1.2 eV



and 2.2 eV were detected in the implanted diamond layer. It is assumed that 1.2 eV
defect is related to vacancy or NV center and 2.2 eV is contributed to the NV center.
The change of charge state of the NV centers or the ratio of the distribution of NV
center and depletion layer affect TPC results with different biases. By applying different
biases on the Schottky contact and simultaneous illumination (532 nm laser light), NV
centers can be actively transported between the negative state and natural state. It is due
to the Fermi level shifts around defect levels, which varied the charge state of the carrier
and its electrical and optical properties. On the other hand, it is found that the 2.2 eV
deep trap in diamond slow down the process of photocapacitance rise and fall, but a
higher electrical field can enhance the process of filling and releasing, and decrease the

decay time.
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Figure Captions

Fig. 1. SRIM simulation result of nitrogen ion implantation. Doze size is 10'?> cm™ and ion

energy is 80 keV.

Fig. 2. (a) The schematic diagram of the sample structure, (b)the top view of the sample (the
part covered by shadows is without ion implantation area, and the small bright yellow circle

is the gold of 100nm deposited on the electrode for the wire bonding).

Fig. 3. Current-voltage characteristics of electrodes in both areas of the diamond Schottky
barrier diodes at room temperature. The red and black curves are signals of Schottky diodes

fabricated in the areas with and without ion implantation, respectively.

Fig. 4. The TPC spectroscopy of both areas in the diamond Schottky barrier diodes with
illumination wavelengths from 400 nm to 1200 nm. The results were normalized by the
photon flux (Stec). The red and black curves are TPC signals of Schottky diodes fabricated
in the areas with and without ion implantation, respectively. The blue lines are the fitting

results of the spectra by Eq. (1).

Fig. 5. The TPC spectroscopy under different quiescent biases (reverse bias). The filling

pulse is 0 bias.

Fig. 6. The photoluminescence spectroscopy with different applied voltages using 532 nm

green laser at room temperature.

Fig. 7. Band diagram of the depletion region in diamond Schottky barrier diode (a) at 0 bias,

11



(b) at-5 Vand (c) -15 V. Fermi level (dot line) and the charge transition levels of NV centers

(blue and green line) are shown.

Fig. 8. Steady-state photocapacitance as a function of time under 0 bias and reverse bias with

the illumination of 564nm wavelength at room temperature.
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Table I.  Electrical properties of the Schottky barrier diodes.

Dark saturation current | Series resistance Ideality factor
Is (A) Rs (Q) n

Without  implantation | 7.9%1071* 29.2 1.8

area

With implantation area | 2.4*10°!3 1015.3 2.8

13
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