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ABSTRACT

The static electric dipole-dipole coupling between donor-acceptor pairs (DAPs) in wide-bandgap semiconductors has recently
emerged as a means of realizing a quantum science platform through optically controllable, long-range interactions between defects in
the solid state. In this work, we generalize DAPs to consider arbitrary dopant populations and demonstrate that the charge of the NV
center in diamond is well suited for quantum science. Explicitly, we leverage experimental results [see Z. Yuan et al., PRR 2, 033263
(2020)] to show that shallow NV centers can be efficiently initialized to a given relative population of the negative and neutral charge
states and that modulating the surface termination would allow for control of the timescale over which the initialization and subse-
quent computations would occur. Furthermore, we argue that the observation of electroluminescence from the neutral charge state of
the NV center [see N. Mizuochi et al., Nat. Photon. 6, 299 (2012)], but not from the negative charge state, implies the ability to inter-
face with the NV center’s charge in a manner analogous to the spin interface enabled by the spin-state dependent fluorescence of the
NV center.
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I. INTRODUCTION involved in the Fermi’s golden rule formulation of capture
rates.>>”'% Some of these works have used the approximation of
employing only one special phonon mode to replace the sum over
all vibrational degrees of freedom in the rate calculations™” while
others have argued that the full summation over all vibrational

- . 5,10 . .
To address the issue of nonradiative charge-carrier recom- degrees of freedom cannot be avoided.” " We argue in this paper

: 5,6
riers.
bination, Henry and Lang developed a theory of nonradiative that the full summation over all vibrational degrees of freedom
capture by multiphonon emission in their seminal paper,” building ~ Would not be necessary in the isotropic limit or equivalently in the

Nonradiative charge-carrier recombination at defect sites,
known as Shockley-Read-Hall recombination,' ™ decreases the effi-
ciency of optoelectronic devices," in particular, by reducing the
luminescence, carrier lifetimes, and number of photogenerated car-

on an earlier theory by Marcus dealing with charge transfer based limit where averaging over sufficiently many randomly or uni-
on the fluctuations of various nuclear coordinates.” Later works formly distributed dopants can be performed. In that limit, a single
have applied advances in computational capabilities to transform phonon state (potentially constructed from a superposition of
the theory of Henry and Lang into an ab initio formalism by phonon modes) is required; however, there is no need to explicitly
explicitly calculating the electron-phonon coupling matrix elements calculate the phonon modes from which the phonon state is
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constructed as we will show below. Leveraging this formalism, we
propose a mechanism for the initialization of the NV center’s
charge state that would be suitable for computing with arbitrary
dopant populations. We also argue that the timescale over which
the initialization of the NV center’s charge state and subsequent
computations would occur could be controlled by the surface ter-
mination of the host, by adsorbing or desorbing atoms on the
crystal, or through scanning tunneling microscopy (STM). Finally,
we argue that charge-state dependent electroluminescence of the
NV center in diamond'' would serve an analogous role to the spin-
state dependent fluorescence of the NV center in allowing for an
optical interface. We note that our formalism applies equally well
to group-IV impurity-vacancy color centers in diamond such as
the Siv,"*™'° GeV,'""7*° SnV,'***"*" and PbV."*"'"*’ The formal-
ism would also apply to color centers in other hosts or other
centers in diamond.**™"*

This work is organized as follows. We begin by presenting our
computational tools in Sec. II. Next, our theoretical approach and
results for carrier capture are presented in Sec. III A and our pro-
posal for the means of initializing the NV center’s charge state and
our formalism for the determination of the condition for equilib-
rium between a collection of point defects in a wide-bandgap semi-
conductor are provided in Sec. III B. Finally, we present our
conclusions in Sec. I'V.

ARTICLE pubs.aip.org/aip/jap

Il. COMPUTATIONAL METHODS

To calculate formation energies for isolated substitutional N
defects (N¢) and nitrogen-vacancy centers (NV) in diamond, we
employed VASP*”~"” with the screened HSE06 hybrid functional for
exchange and correlation using the original parameters.”’* Our cal-
culations were terminated when, in the atomlc posmon relaxations,
the forces dropped below a threshold of 1072eV A~ . We expanded
the wavefunctions in a planewave basis with a cutoff energy of
430 eV and employed a 512-atom supercell size (4 X 4 X 4 multiple
of the conventional unit cell). The integration scheme used to evalu-
ate the energies was I'-point integration. The elements used in our
calculations and their associated ground-state structures and
chemical-potential values are N (8 hexagonal close-packed structure,
—11.39eV/atom) and C (diamond structure, —11.28¢eV/atom).
Formation energies were only computed for transitions between
charged-defect structures that had been fully relaxed.

Illl. THEORETICAL APPROACH AND RESULTS
A. Carrier capture

For the tunneling of electrons (e) or holes (h) between two
defects in a manner mediated by the band edges of the crystal, we
had derived the following expression:”"

_ dk(t)
Fop = NDJ dr py (1) NAJ NG ch J
D € Donors Vb ’ Ae A/;ptors Va : Z g ) (27[)
sl j Vel (r-v)
J°° o L 1Vieigy, (=) J g L Vi, (=) e S(K' —K(ty) F 1 [} Fop(F)dF) 0
X X
W t—toh r—r| w ho r—rf eXP((SEEZ),s_EFD)/kBT) +1 exp((EFA—eE,’:’)/kBT) +1

where T, is the effective rate for the transfer for electrons or holes, Nx is the total number of X defects (donors or acceptors) in the entire
crystal, py(r) is the distribution of the defect X in a Wigner-Seitz cell of volume Vx = 1/nx (where nx is the average concentration of the

defect X in the crystal), V. is the volume of the primitive cell, £, is the time at which the transfer of charge is initiated, &l

V is the energy of

the lowest conduction band or highest valence band at wavevector k with spin s, Eg, is the donor level, Ey, is the acceptor level, and F,, is
the net force acting on the electrons or the holes. The expression is motivated by the relation governing tunneling from side 2 to side 1 of a

76

contact between a metal and a semiconductor,

L, = —Z|«7kk’|
e

where flfl) and f? are the Fermi occupation numbers on each side and 7~

[ f(l)}fk(?)) 2)

«e is the tunneling matrix element between the relevant single-

particle states. Setting the rate ', equal to the current I,_; up to units of charge and an overall sign, we can identify

>
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where Ny, is the total number of k(f,) states and

5k,)k(t0) i L; R S 2 Kronecker delta that is equal to 1 when

K =k(t) + %Lf) F.,(f)di’ and 0 otherwise, all arising in trans-
forming from integration to summation and from performing the
relabeling k — k' and k' — k(%)) in Eq. (2).

Given the proximity to neighboring defects, we have found
that charge-state decay experiments for ionized color centers in
wide-bandgap semiconductors are better described by tunneling
directly between defect states without the intermediary of the
crystal band edges.77 In that case, we can write the effective rate as

() zJ dt !
to

t—to m'|Ar]

[ dik(e)ar
sli—d =

m'|Arf?
X >
CXP((EFD — EFA)/kBT) +1

k(1) - Ar| J’ HK(t) - Ar
wooom|Ar?

(4)

where fik(t) is the definite momentum assigned to a transferring
electron at each point in time, m’" is the effective mass associated
with the electron, and the Fermi-Dirac distribution factor repre-
sents the likelihood that the electron has enough initial kinetic
energy to overcome the ionizing potential and recover the neutral
system. In this case, there is no distribution factor for hole occupa-
tion given that the presence of an ionizing potential implies that
the ionized state of the donor is favored and that the electron
should not fully rebind to the donor that led to the ionization of
the acceptor. The lack of spontaneous charge conversion from NV°
to NV~ in the work of Yuan et al.”® for NV centers that were ini-
tialized to NV can be explained by the fact that our formalism’’
implies that the timescale for spontaneous conversion from NV° to
NV~ will be much faster than the shortest time after which the
NV~ population was assessed in the Yuan et al experiment.
Furthermore, the steady-state relative populations of NV~ and NV°
in that experiment and the corresponding values of the Fermi level
imply the presence of dopants other than substitutional N to which
the charge of the NV~ could be stably transferred. Here, we can set
the rate (I') equal to the current I,_,; (again up to units of charge
and an overall sign) and identify

* 1 |hk(t) - Ar| (* | BK() - A
|,7kk,|2:J ar LD f'[ a ) A
n t—Tto m|Ar|

f s
><5<1L° dink() - Ar

w oA

m’| A

) Okt OK k() (5)

This direct-tunneling formalism implies greater charge-state stability
for NV~ in the presence of donors with donor levels far from the
NV~ to NV° charge-transition level so that phosphorus donors
would result in greater charge-state stability of the NV~ than nitrogen
donors, as verified independently by first-principles calculations.”’
The works of Henry and Lang™ and of Marcus™’ can help
elucidate a mechanism for the tunneling process. In those papers, a
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large lattice vibration or fluctuations of nuclear coordinates were
proposed to account for nonradiative capture or electron transfer.
In this work, we argue in a similar manner that a large lattice vibra-
tion (a superposition of phonon modes) will cause the wavefunc-
tions of the defect states to exhibit sufficient overlap that charge
transfer occurs. Indeed, if the charge transfer is induced by phonon
modes then the phonon modes supply the requisite kinetic energy of
the model from our earlier work.”” In our prior work,”” we had also
noted that the phonons would thermalize the electronic degrees of
freedom. We had described the electronic motion using two degrees
of freedom, namely, a radial degree of freedom r and an angular
degree of freedom 6. Therefore, by the equipartition theorem, the
thermal energy of the electron would be given by kgT. Projecting onto
the radial degree of freedom in order to solve analytically for the elec-
tron’s velocity, the kinetic energy to be overcome is, thus, reduced by
Einitias = kpT cos? () - sgn(cos(6)) so that taking the reciprocal of the
rate from Eq. (4) and averaging over 6 yields the timescale

1J” (1 1 )1
~—| do(—x .
7)o At~ (exp((Ep, — Er, — Einigat) /ksT) + 1)

() (6)

In Eq. (6), the time interval appearing within the integral over 6 is

0 a1l dr + (ksT cos? () —(Bepy —Er, ) In (r/ry))
At = fro dr(4)™, where & = i\/Z/m e

is the radial velocity obtained from integrating the equation of motion
for an electron initially experiencing an electrostatic force having

- (EFD — Ep, ) /r as the value of its radial component with an initial

velocity in the radial direction %L W= W/ZI:j.Tcos(H) and where 1, is
the distance between the donor and the acceptor.”” The positive sign in
the expression for & is employed if the initial velocity of the electron is
away from the other dopant while the negative sign is employed if the
initial velocity of the electron is toward the other dopant.

Through the works of Henry and Lang’ and of Marcus,” the
Fermi-Dirac distribution factor can be interpreted as the likelihood
that electrons couple to a state that has been constructed through a
superposition of phonon excitations. We note that the construction
of a phonon state with energy

) 1
s (ng{p n 5) o %
k'l

. . . « » 76 () .
corresponds to ionic motion, where [ is the “band” index, a)f(,) is

the frequency of a given phonon indexed by I and the wavevector
k', and nl((l.), is the number of phonons in the state p with the wave-
vector k' and the index /. This ionic motion then induces electron
transfer between the acceptor and donor defects when the energy
of the phonon state is sufficient to satisfy

E® = Er, — Er, — Einital (®)

Electron-transfer rates corresponding to excitation energies larger
than E/® = Ep, — Er, — Einitial are exponentially suppressed and,
given tﬁe isotropic assumption, the polarization of the phonon state
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is irrelevant. Together, these observations imply the need to consider
only a single phonon state in evaluating the rate of charge transfer
between two point defects in the isotropic limit. An advantage of our
formulation is that it avoids the need to explicitly construct the
required phonon state as a superposition of phonon modes.

We now comment on the condition required for the electronic
chemical potential (the Fermi level) to reach equilibrium between
two point defects. The definition of chemical equilibrium is that
the rate of the forward reaction must be equal to the rate of the
reverse reaction. Equivalently, given some initialization of a system,
the system has reached equilibrium when it has equal probability of
being in the reactant state and transitioning to the product state or
in the product state and transitioning to the reactant state, which is
to say that we treat the system as ergodic. Explicitly, if

-1
1 1

<L
<TA~D>NnLd6 AT (exp((Er, —Br, — o) s T) +1)

)

is the timescale of charge transfer of an electron from an ionized
acceptor to an jonized donor so that the corresponding timescale
of charge transfer of an electron from a neutral donor to a neutral
acceptor is

~1
1 1
—. X

At (exp ( (EFA —Ep, +Emmal) Jks T) + 1)
(10)

1 T
_A)x—| do
<TD A> ”Jo

then the maximum expected requisite time for equilibrium to have
been reached is

(11

<Tequilibrium> = (ra—p) + (Tp—a)-

The result in Eq. (11) represents the time required to explore all of
the relevant phase space, which provides the worst-case timescale
in a search to discover equilibrium. In obtaining the timescale for
the process D — A, we replace the electron occupation (f) from
the A — D process with the hole occupation (1 — f), where f is the
same Fermi-Dirac distribution in both cases. Employing the same
Fermi-Dirac distribution in both cases follows from the fact that
the binding to the donor can be neglected so that just as the
process A — D did not require a factor (1 — f), the process D —
A will not require the factor f for some Fermi-Dirac distribution f
corresponding to electronic occupation of a donor level.

The preceding observation can be used to justify the transfor-
mation Eg — (Eg, + 3.4eV)/2 from our earlier work.”” The value
3.4 eV is the surface level associated with an ether-like termination
of the diamond surface measured relative to the valence band
maximum.®™* In Ref. 82, the authors apply the LDA method and
introduce a GW correction to obtain the value reported herein of
3.4 eV for the surface state. Furthermore, the authors also perform
an experiment to determine the location of the surface state and

ARTICLE pubs.aip.org/aip/jap

< ° e
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Unreacted Population
o
N

14

107 107

FIG. 1. Fraction of unreacted population remaining as a function of time, calcu-
lated with Egs. (9) and (10) and setting T = 300 K. We model charge-transfer
reactions from an ionized ether-like surface defect to N¢ (orange dashed curve)
and from N°C to a neutral ether-like surface defect (blue solid curve), where Ng
denotes substitutional N. The ionizing dopant concentration is ny, = 5X1(,"8—°’Tr2

Imax

using an estimated maximum implantation depth of dyax = 3.5nm keV’1Eimp,
where Epy is the implantation energy”’ (Eimp = 3 keV').

find that it occurs at approximately 3 eV, reported to a precision of
one digit, in good agreement with their theoretical calculation. As
other authors have demonstrated, however, the determination of
the precise chemical makeup of oxygen-terminated diamond is dif-
ficult.” Given the agreement of the experimental result in Ref. 82
with their theoretical value of 3.4eV for the energy level of the
surface state of oxygen-terminated diamond, however, we use the

value of 3.4 eV in this work. If we compute the expected timescale

(ra—p) for charge transfer between an ionized acceptor (the ether-
like surface level in diamond) and an ionized donor (a substitu-
tional N in diamond),”” we find that using the nitrogen concentra-
tion for sample A in the work of Yuan et al.,”””® the timescale after
which all transitions would be expected to have occurred is approx-
imately 18 ns (see Fig. 1). In Fig. 1, the fraction of unreacted popu-
lation is computed by intersecting a ball of radius r, with a
tetragonal cell of height dp,. that contains on average a single

[

donor for values of ry ranging from ry =a = 3.549A7"" to

13
10 = \/aq + dhq Where a is the lattice constant of the conven-

tional unit cell of diamond and Iy, = ngé/ 3, as outlined in Eq. (13)
of Ref. 77. For completeness, Ref. 80, which applied the LDA
method with an energy scaling (though not a GW correction) to fit
Ibuk — Xpux to the experimental bandgap for the clean
(001)-oriented surface of diamond, obtained the value Iy —
Kot = (821 —4.66) eV = 3.55¢V for the ether-like termination
surface state (see Table II of Ref. 80).

By contrast, again using the nitrogen concentration for
sample A in the work of Yuan et al,”””® we find that the expected
timescale (rp_,) of charge transfer between a neutral donor
(a substitutional N in diamond) and a neutral acceptor (the ether-
like surface level in diamond)”” for all donor-acceptor pairs
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in the sample is approximately 5.1ps (see Fig. 1). Therefore,
for that system, <Tequi]ibrium> ~ 18 ns. The resolution of the photo-
luminescence (PL) readout was 128 ps averaged over every 100 con-
secutive points to produce a 12.8 ns averaging window. Thus, over
the duration of the capture of a single effective point in the PL trace,
no more than on average a single ether-like surface level would have
reached equilibrium with a substitutional N level leading to the
transformation Eg, — (Eg, + 3.4¢V)/ 2,%"" where Eg, is the substi-
tutional N donor level for a perfectly isolated substitutional N defect.
By contrast, the minimum timescale for equilibration of all NV
centers with substitutional N donors was approximately 2.4s.”
Therefore, NV centers would experience an environment in which at
most pairs of substitutional N and ether-like surface defects had
reached equilibrium with an effective donor level given by the trans-
formation Ep, — (Ep, + 3.4€V)/2, which produces excellent agree-
ment with experimental results””’® (see Fig. 2 for the structures of
the point defects and of the ether-like surface termination).

B. Charge-state initialization and equilibrium
condition for point defects

In order to employ the charges of NV centers for computa-
tion, a reliable procedure for initializing them and a mechanism for

(a)

(001)%

FIG. 2. Structure of (a) the unrelaxed (001) diamond surface with an ether-like
termination, and the relaxed (b) NV°, (c) NV~, (d) N2, and (e) N¢ point
defects, where N¢ denotes substitutional N. Carbon atoms are shown in brown,
nitrogen atoms are shown in purple, and oxygen atoms are shown in red.
Carbon vacancies are shown as dashed circles. We obtained the distance
between the C vacancy (V) and the N atom in the NV defects as described in
previous work.”" Defects [(b)-(e)] have the orientation indicated in (b).

ARTICLE pubs.aip.org/aip/jap

transforming charge into a good quantum number must be deter-
mined. Leveraging the results from our earlier work,”” we find that
if 7(py) is the timescale for charge-state decay of a particular
ionized point defect to a relative fraction of the ionized point defect
state of pp = 0.5 and p is actual relative fraction to which the

charge state of the point defect has decayed, then 7(p) ~ (1’%‘”)1(‘00).

Thus, by leaving the point defect under dark conditions for a
period of time equal to 7(p), it is possible to initialize the point
defect to any relative fraction p > 0 of the ionized point-defect
state. We next observe that the charge state of a negatively ionized
dopant, which would tend to give up its electron, remains a good
quantum number if the level associated with the negatively charged
dopant is sufficiently far below (much more than kgT) the level of
any dopant that would lead to recombination. A similar argument
holds for establishing the charge state of a positively ionized
dopant as a good quantum number. Therefore, based on the for-
malism outlined above, modulating the surface termination so that
the surface levels are much higher than the donor level of substitu-
tional N would decelerate the charge-state decay of the NV center
and allow for halting of the initialization of the NV center’s charge
state and corresponding halting of computations as well. In a
similar vein, adsorbing or desorbing atoms from the surface would
accelerate or decelerate the charge-state decay rate and introducing
biasing through STM tips brought close to the surface of the crystal
sample would have a similar effect. Indeed, recent results®* suggest
that increased fluorine coverage of hydrogen-terminated diamond
shifts the surface level toward the conduction band minimum,
which could aid in decelerating the process of charge-state decay
once the desired initialization has been achieved, up to the point
where the substitutional N donor level becomes farther from the
fluorine-induced surface level than from the NV acceptor level.
Once the charge state has been initialized, readout of the
charge-state could be performed by leveraging the charge-state
dependent electroluminescence of the NV center."’

In general, the procedure for determining the equilibrium
timescale of a collection of point defects proceeds as follows. One
would first compute <Tequihbrium> for each pair of defects using
Eq. (11). Next, the pair of defects with the smallest <Tequi]jbrium>
would be treated as a single effective defect and would be assigned
an effective charge-transition level given by the average of the
charge-transition levels of the defects in the pair. The position of
the single effective defect would be chosen such that for that posi-
tion, which we will label 7' measured along the line from one defect
A to the second defect D, (ra_p) evaluated for ry = v would be
equal to (rp_.A) evaluated for ry = ro_p — v/, where r5_p is the
distance between the defects A and D. In the subsequent iteration,
<requihbrium> would be recomputed for each effective defect pair. If
the number of physical point defects constituting the pair of effec-
tive defects is greater than 2, then the effective charge-transition
level for the pair of effective defects with the smallest <Tequihbrmm>
would be set to the Fermi-level value obtained from Ref. 85, where
the concentration”” of each species is set equal to the number of
physical point defects of that species within the pair of effective
defects up to an inconsequential constant factor to account for
units. Otherwise, the effective charge-transition level for the defect
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pair would be given by the average of the original charge-transition
levels of the defects. In order to obtain the total expected requisite
time for equilibrium to have been reached for a collection of N
point defects, summation of the expected timescales for equilibrium
at each stage in establishing equilibrium within the entire collection
of N point defects must be performed. Thus, the expected timescale
(Tequitibrium ) for equilibrium of the collection of N point defects is

( Tequilibrium ) = Z;<r;quﬂibrium>, where the terms in the restricted
sum iterate through the timescales for the sequence of effective
defects of increasing numbers of physical point defects that ulti-
mately culminates in equilibrium within the entire collection of N
point defects in the least time. In this manner, vacancies™® and
other defects occurring in the dopant formation process could be
considered. Thus, given a population of N point defects in thermo-
dynamic equilibrium, the charge state of that population could be
initialized by allowing that population to decay in the presence of
an additional dopant or an additional effective dopant for the
length of time prescribed above, generalizing the notion of donor-
acceptor pair quantum technologies.””

IV. CONCLUSIONS

In conclusion, we have established the conditions under which
the charge-transfer formalisms of Refs. 75 and 77 are applicable
and have shown that the charge state of shallow NV centers in
diamond can be efficiently initialized for use as a quantum science
platform with charge interfacing enabled by the NV center’s
charge-state dependent electroluminescence. Additionally, we have
provided the condition dictating when point-defect species can be
considered to be in equilibrium with one another in order to aid in
the determination of the extent of modulation of dopant levels.
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