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ABSTRACT

Diamond crystals equipped with two metal electrodes can be operated as solid state ionization chambers for the detection of energetic radiation.
Under irradiation with single α particles, the generated free electrons and holes are collected with a maximum efficiency close to 100%. When
the same detectors are used for dosimetry in high intensity and high energy photon or particle beams, photoconductive gain G with values up
to � 106 is frequently observed as described in the literature. In this work, we studied theoretically the irradiation induced conductivity of
perfect diamond single crystals with ohmic contacts containing nitrogen and boron with concentrations NN and NB, respectively, as only chemi-
cal impurities. Based on four rate equations, two considering the charge states of N and B and two the concentrations of free carriers n and p,
and, additionally, the neutrality condition, we could derive analytical solutions for the gain G as a function of impurity concentrations, crystal
thickness, and excitation density. It turned out that G varies systematically with the compensation ratio R ¼ (NN � NB)=NB over five orders of
magnitude. For R � 103, the gain G is close to unity. With decreasing R, the gain increases /1=R until saturation is reached for R � 1 and
G � 104–105. Our theoretical data yield plausible explanations for the major trends that have been found experimentally in previous studies.
They provide a valuable guideline for the future synthesis of diamond crystals to be used for manufacturing UV and radiation detectors.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0044649

I. INTRODUCTION

Diamond is a material with extraordinary physical properties
that form the base for a wide range of potential applications1 in
mechanics, optics, and electronics. Due to the fast progress in
chemical vapor deposition (CVD) during the past few decades,
polycrystalline and single crystal diamond samples can now be syn-
thesized, which surpass all natural crystals in terms of purity and
various physical properties. As a consequence, first synthetic
diamond products are on the market that substitute natural crystals
or facilitate completely new devices.

In the field of radiation detection for x rays, γ rays, and high
energy particles, the relevant material properties comprise the wide
bandgap (5.47 eV), which guarantees low dark currents even after heavy
irradiation, the high threshold displacement energy (TDE)2 of 30–48 eV,
which forms the base for its extraordinary radiation hardness, and the
excellent mobility values, which facilitate fast response and high count
rate capabilities. For clinical dosimetry, the similarity in the atomic
number of diamond (Z ¼ 6) and human tissue (Z � 7:5),3 referred to
as tissue equivalence, represents a further important property.

The high resistivity facilitates a simple design as a solid state
ionization chamber. In the simplest version, metal electrodes are
deposited on two opposing surfaces of a crystal (sandwich geome-
try). These detectors can be operated in two distinct modes: For
timing, tracking, or spectroscopy typically the signals generated
by single particles are recorded. The particles are completely
stopped within the detector or they transmit the crystal. As an
example, α particles with a kinetic energy of � 5:5MeV continu-
ously lose their energy until they are stopped at a depth of
� 14 μm below the surface. Along their trajectory, they generate elec-
tron–hole (e–h) pairs. These free charge carriers drift in an applied
electric field through the crystal to the electrodes. From the transient
current (TC) signal, the energy of the α-particle can be determined
provided that spectroscopic grade single crystals with a charge collec-
tion efficiency (CCE) of virtually 100% are used and the average e–h
pair creation energy εDia is known. In all these measurements,
whether ohmic contacts like TiPtAu or Schottky-type contacts like
aluminum are applied, the charge collection properties are essentially
identical and the CCE values are generally �1.4
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In the second mode, the radiation induced conductivity (RIC)
is measured under exposure to a high intensity beam of energetic
photons or particles. The external quantum efficiency (EQE) or
gain G can be derived. If all the e–h pairs generated by the
absorbed radiation are simply extracted from the crystal, a gain
equal to 1 is obtained (equivalent to 100% charge collection). From
the gain measured for a detector with thickness d at a voltage U ,
the mobility-lifetime product μτ can be calculated,5

μτ ¼ Gd2

U
: (1)

In contrast to the CCE, the gain can vary dramatically
between values well below 1 and more than 106. This holds for
polycrystalline (PCD) and single crystal diamond (SCD) samples.
In a recent homoepitaxial growth study, the characteristic μτ
product could be changed over almost seven orders of magnitude
by merely increasing the nitrogen added to the process gas from 0
to 20 ppm.6 Table I shows a selection of scientific literature on pho-
toconductive gain data acquired under UV, x-ray, or γ-ray
illumination.

A remarkable amount of scientific work confirmed the strong
variation and the huge absolute numbers of possible gain values.
Furthermore, several important trends were found consistently.
According to the basic theory, at least one non-blocking contact is
considered imperative for the appearance of photoconductive
gain.5,7–10 This electrode guarantees that carriers which are
extracted at one electrode can be replenished at the opposite elec-
trode. Since trapping in diamond is typically more pronounced for
electrons, holes are the more mobile species. As a consequence, an
ohmic contact is required at the anode so that hole injection can
take place. Usually, both electrodes are made identical for
photoconductors.

Diamond photoconductors with metal–semiconductor–metal
(MSM) structures consisting of two Schottky contacts arranged
back to back yielding a gain of � 1000 under deep UV irradiation
have also been reported.11 This anomalous behavior that was later
attributed to thermionic field emission and field emission tunneling
in different excitation regimes12 will not be considered further in
this work.

As an additional common feature, a strong correlation
between high gain and long settling time constants was
observed.6,7,12–15 For extremely long time constants, i.e., many
minutes up to hours, the effects were discussed in terms of persis-
tent photoconductivity (PPC). Furthermore, different groups
reported that increasing nitrogen concentrations reduce6 and
finally suppress the gain while higher boron concentrations favor
large gain values.12

To explain the mechanism of gain formation and the PPC,
various suggestions have been made. Nebel et al.16 explained the
PPC in polycrystalline diamond by assuming electron transport in
the grain boundaries and trapping of holes within the grains so
that recombination of both is strongly suppressed. Schirru et al.15

measured a gain of 105 in a high pressure high temperature
(HPHT) single crystal of IaA type, which contained nitrogen as A
aggregates. According to their mechanism of trap-induced sensitiz-
ing, holes are rapidly trapped while the electrons stay free carrying
the current. The electron lifetime is then controlled by the detrap-
ping time of the holes. Wang et al.17 also suggested a minority
carrier trapping effect. However, as compared to the former
authors, the electrons as minority carriers are captured by shallow
traps. As long as the electrons are not released, free hole current
persists in the valence band of the crystal causing the gain as well
as the slow decay of the current after termination of the irradiation.

In the model presented by Liao et al.18 for deep UV detector
structures grown by CVD as thin homoepitaxial layers on Ib-type
substrates, gain formation was attributed to the combination of

TABLE I. Photoconductive gain values reported in the literature for different types of samples. It should be noted that the measured gain is not an absolute value characteristic
for the material but it depends on the specific device structure specifically the electrode distance and increases with the applied voltage.

Reference Crystalline structure Contacts Geometry Type of irradiation Max. gain G Max. E-field (V/μm)

Salvatori et al.20 PCD Ohmic Coplanar UV 500 16
McKeag and Jackman13 PCD Au Coplanar UV 106 2.5
Alvarez et al.11 SCD on Ib Ti/Aua Coplanar UV 103 1
De Sio et al.21 Bulk SCD Au Sandwich UV 300 2
Remes et al.14 SCD on IIa Ti/Pt/Au Coplanar UV ≈7600 1
Liao et al.10 SCD on Ib Ti/WC Coplanar UV 33 0.3 (2)b

Lohstroh et al.7 Bulk SCD Ti/Au Sandwich x rays 6 × 104 0.2
Matsubara et al.22 SCD on Ib TiN Coplanar Soft x rays 3.1 × 106 2
Secroun et al.23 SCD Au Sandwich UV ≈300 0.2
Schirru et al.15 SCD IaA Ti/Pt/Au Sandwich γ rays (60Co) 105 0.93
Bevilacqua and Jackman24 Bulk SCD Cr/Au Coplanar Deep-UV 700 3.6
Wang et al.17 Poly Al Coplanar UV 92 0.5
Abdel-Rahman et al.25 Bulk SCD CNi Sandwich x rays 20 0.125
Su et al.19 Bulk SCD Au Sandwich γ rays (60Co) 50 0.66

aThese Ti/Au contacts were not annealed and therefore considered Schottky type.
bThe gain value was derived at 0.3 V/μm and stayed constant up to 2 V/μm.
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electron trapping by positively charged substitutional nitrogen in
the substrate and a boron-induced deep defect with a thermal acti-
vation energy of 1.37 eV in the epitaxial layer.

Summarizing these results from the literature, a comprehen-
sive and quantitative model for the mechanism of gain formation is
still missing as highlighted in one of the latest publications.19 In the
present work, we will describe calculations for the carrier dynamics
in a structurally perfect diamond crystal, which contains nitrogen
and boron as only chemical defects. It is operated as solid state ion-
ization chamber with two ohmic contacts under irradiation by a
beam of energetic photons that is only weakly attenuated during its
passage so that energy loss and e–h pair generation occur homoge-
neously within the crystal. We will show that gain values can be
changed systematically over five orders of magnitude by simply
varying the concentration of N for a fixed value of B. The influence
of crystal thickness and irradiation dose rate can also be derived
from the model. While in real crystals with appreciable concentra-
tions of additional electronically active defects the absolute gain
values may slightly differ, the interplay between the nitrogen donor
with its extremely high activation energy and the boron acceptor
with its low activation energy can explain the formation of gain in
diamond detectors in a plausible way.

II. THE MODEL

Figure 1 shows schematically the energy levels within a
diamond crystal in which the nitrogen atoms overcompensate the
incorporated boron. All boron atoms are ionized (forming B�) as
well as an identical number of substitutional nitrogen atoms (Nþ).
The additional nitrogen is neutral. Conduction and valence bands
are virtually empty without any free carriers. Under irradiation
with a bias voltage applied to the electrodes for carrier extraction
[Fig. 1(b)], e–h pairs are generated continuously and homoge-
neously so that valence and conduction bands are partially popu-
lated. The carriers move under the action of the applied field.
During their drift, they can be trapped by the impurities. Carriers
arriving at the electrodes will be extracted. Injection of carriers is
only possible for holes.

In the following, four rate equations are formulated that
describe the densities of free carriers and the charge states for N
and B under steady state conditions. The neutrality condition con-
tributes to a further equation. Table II summarizes the definition of
all physical quantities, their numerical values, or the range in
which their values are varied, respectively.

A. Rate equation for the charge states of the donors N

Under steady state conditions, the charging/neutralization
of the substitutional nitrogen atoms (concentration NN) with
NN ¼ NNþ þ NN0 is given by

dNN0

dt
¼ nvth,nσNþNNþ � pvth,pσN0NN0 � 1

τN
NN0 ¼ 0: (2)

Terms 1 and 2 describe electron capturing by Nþ and hole trapping
by N0, respectively. Using the relationship 1

τN
¼ se�

ΔE
kBT , a frequency

factor s � 1013 s�1,5 and an activation energy ΔE ¼ 1:7 eV for the
nitrogen donor, a lifetime τN � 3� 1016 s (� 109 a) is obtained at

300 K (� 1 min at 600 K). Thus, the third term of the sum that
describes the thermal excitation of an electron from N0 into the
conduction band can be completely neglected and the whole
dynamic is described by

nvth,nσNþNNþ ¼ pvth,pσN0NN0 , (2a)

p
n
¼ NNþ

NN0

vth,nσNþ

vth,pσN0
¼ NNþ

NN0
C1 ¼ NNþ

NN � NNþ
C1: (2b)

According to Eq. (2b), the fraction of charged and neutral
nitrogen atoms is completely determined by the ratio between hole
and electron concentration.

B. Rate equation for the charge states of the
acceptors B

Similar relations describe the charging/neutralization of substi-
tutional boron atoms (concentration NB) with NB ¼ NB� þ NB0 ,

FIG. 1. (a) Diamond crystal containing nitrogen and boron as only defects. The
boron is overcompensated by substitutional nitrogen so that conduction band
(CB) and valence band (VB) are free of mobile carriers. (b) The same crystal
with metal contacts under irradiation with UV, high energy photons, or particles
that generate e–h pairs. At the anode, electrons are extracted and holes can be
injected while at the cathode only extraction of holes is possible. r1 to r4 are the
rates for the relevant interaction processes of N and B with holes and electrons.
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dNB0

dt
¼ pvth,pσB�NB��nvth,nσB0NB0 � 1

τB
NB0 ¼ 0: (3)

The capture cross sections of neutral and charged traps differ by
about three orders of magnitude with σB0 � σB� . In addition,

NB0 , NB� for the relevant experimental conditions in this work.
Thus, term 2 � term 1. The low thermal activation energy of
ΔE ¼ 0:37 eV yields an average lifetime of τB � 160 ns.26 As a con-
sequence, the thermal emission of holes as a monomolecular
process dominates the ionization of B0 and term 2 can be neglected
so that we obtain

TABLE II. Summary of physical quantities and their values used in the present calculations.

Physical quantity Symbol Value for calculation

Carbon atom density in diamond (cm−3) NC 1.77 × 1023

Electron density (cm−3) n
Hole density (cm−3) p
Electron density under irradiation for the idealized situation of zero traps and no
injection (cm−3)

n0

Hole density under irradiation for the idealized situation of zero traps and no
injection (cm−3)

p0

e–h pair creation energy (eV) εDia 13
e–h pair creation rate (cm−3 s−1) fnp 1012–1016

Substitutional nitrogen density (cm−3) NN Continuously varied
Substitutional nitrogen density (ppb) NN=NC

Neutral nitrogen density (cm−3) NN0

Positively charged nitrogen density (cm−3) NNþ

Substitutional boron density (cm−3) NB 1.77 × 10y (y = 13, 14, 15)
Substitutional boron density (ppb) NB=NC 0.1, 1, 10
Neutral boron density (cm−3) NB0

Negatively charged boron density (cm−3) NB�

Compensation ratio R ¼ (NN � NB)=NB R
Electron thermal velocity (cm/s) vth,n 1.73 × 107

Hole thermal velocity (cm/s) vth,p 1.50 × 107

Electron capture cross section of N+ (cm2) σNþ 1.8 × 10−13

Hole capture cross section of B− (cm2) σB� 1.8 × 10−13

Neutral trap capture cross section (cm2) σB0 ¼ σN0 1 × 10−16 (0.5 × 10−16, 2 × 10−16)
Free electron lifetime limited by deep trapping (s) τn
Nitrogen donor activation energy (eV) 1.7
Boron acceptor activation energy (eV) 0.37
Attempt-to-escape frequency of carriers at donors or acceptors (s−1) s 1013

Lifetime of hole at boron atom (s) τB 1.6 × 10−7

Lifetime of electron at nitrogen atom (s) τN 3 × 1016

Free carrier radiative recombination coefficient (cm3/s) Brad 1.8 × 10−13

Electrode spacing / crystal thickness (cm) d 0.001, 0.03
Carrier mobility (cm2/V s) μ
Carrier drift velocity (cm/s) vdrift,n, vdrift,p
Average carrier drift time (s) tdrift,n, tdrift,p
Active detector volume (cm3) V
Electrical field strength (V/μm) E 0.2
Hole extraction current at cathode (holes/s) Ipcathode
Hole injection current at anode (holes/s) Ipanode
Electron extraction current at anode (electrons/s) Inanode
Gain G
Constant C1 ¼ vth,nσNþ

vth,pσN0
C1 2076 (4152, 1038)

Constant C2 ¼ 1
τBvth,pσB�

(cm−3) C2 2.31 × 1012

Relative dielectric constant of diamond εr 5.7
Space charge density in units of elementary charges normalized to the atomic density
of diamond (ppb)

ρ 0.001, 0.01, 0.025, 0.05
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pvth,pσB�NB� ¼ 1
τB

NB0 , (3a)

p ¼ NB0

NB�

1
τBvth,pσB�

¼ NB0

NB�
C2 ¼ NB � NB�

NB�
C2: (3b)

C. Rate equation for the free electrons

Besides interaction with the impurity atoms, three additional
processes are to be considered for the electrons in the conduction
band. These comprise the creation of e–h pairs by the irradiation
(fnp), the recombination of free carriers (/np), and the exit from
the crystal via the anode. In contrast, replenishment of electrons at
the cathode is not allowed. With the active detector volume V and
the current Ieanode in e�=s, we obtain

dn
dt

¼ fnp � nvth,nσB0NB0 � nvth,nσNþNNþ � Bradnp� Inanode
V

¼ 0:

(4)

Electron capture by B0 (term 2) and the bimolecular radiative
recombination of free electrons and holes (term 4) are negligible
for relevant irradiation intensities using the coefficient
Brad ¼ 4� 10�13 cm3 s�1.27

Equation (4) is reduced to

fnp � nvth,nσNþNNþ � Inanode
V

¼ 0: (4a)

In the relation nvth,nσNþNNþ ¼ n
τn
, the quantity τn is the trap

limited lifetime while in the expression
Inanode
V ¼ n

tdrift,n
the quantity

tdrift,n ¼ 0:5d=vdrift,n is the average drift time until the electrons are
extracted from the crystal via the anode. The factor 0.5 results from
the fact that electrons are generated everywhere in the crystal so
that they have to travel on average half the detector thickness or
electrode spacing, respectively. The values of the electrical field
strength E relevant for detector operation are too high to work with
the low field mobility values μ for the calculation of vdrift ¼ μE.
Therefore, we used the relationship vdrift(E) given in Appendix A.

With 1=τeff ,n ¼ 1=tdrift,n þ 1=τn, we obtain from Eq. (4a) for
the average electron density,

n ¼ fnp
(vth,nσNþNNþ þ 2vdrift,n

d )
: (4b)

In the limit of small electrode distance d and sufficiently high life-
time τn, virtually all electrons are extracted, which means
CCE � 100%, and Eq. (4b) is reduced to

n ¼ dfnp
2vdrift,n

: (4c)

In this case, n can directly be derived from the irradiation
dose rate.

D. Rate equation for free holes

As compared to the electrons, for the holes extraction as well
as injection currents through the electrodes and thermal activation
have to be considered,

dp
dt

¼ fnp � pvth,pσB�NB� � pvth,pσN0NN0

þ 1
τB

NB0 � Bradnp� Ipcathode
V

þ Ipanode
V

¼ 0: (5)

Now, all processes apart from term 5 (Bradnp) play a role.
Equation (5) adds a fourth equation for the determination of the
four variables n, p, NNþ , and NB� . However, this equation contains
two additional unknown quantities Ipanode and Ipcathode so that it does
not help to find a solution. Instead, we consider the additional
boundary condition that the crystal stays neutral.

E. Neutrality condition

Bube5 discusses five basic types of homogeneous photocon-
ductors. His classification is based on two criteria, which are the
freedom of the carriers and whether or not a carrier type may be
replenished at the electrodes. If electrons are preferentially trapped
and holes are the mobile species, extraction of the holes requires
their replenishment at the anode in order to avoid a negative charg-
ing of the crystal. The neutrality condition for the present system is
then given by

nþ NB� ¼ pþ NNþ : (6)

Ohmic contacts guarantee its fulfillment by a sufficient supply of
holes. As will be discussed later, in the case of predominant hole
trapping, Eq. (6) is no longer valid since ohmic contacts for holes
impede electron injection.

Combining Eqs. (2b), (3b), (4b), and (6) should now facilitate
finding solutions for p, n, NNþ , and NB� when NN, NB, d, V , vdrift,n,
and fnp are given. From Eqs. (3b) and (6), NB� can be eliminated,

p ¼ NB þ n� p� NNþ

�nþ pþ NNþ
C2: (7)

In the next step, p is eliminated by combination of Eqs. (2b)
and (7),

n
NNþ

NN � NNþ
C1 �

NB þ n� n NNþ
NN�NNþ

C1 � NNþ

�nþ n NNþ
NN�NNþ

C1 þ NNþ
C2 ¼ 0: (8)

The solution is given by the system of two Eqs. (4b) and (8) with the
latter being a quartic equation for the variable NNþ given by a polyno-
mial function of degree four. With the approximation NB� , NNþ �
n, p (approximation No. 1), Eq. (6) simplifies to NB� � NNþ , and
from Eqs. (2b) and (3b), the quadratic Eq. (9) is obtained,

n
NNþ

NN � NNþ
C1 ¼ NB � NNþ

NNþ
C2, (9)
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(NNþ )2 þ NNþ
(NB þ NN)C2

(nC1 � C2)
� NBNNC2

(nC1 � C2)
¼ 0: (9a)

With the coefficients b ¼ (NBþNN)C2
(nC1�C2)

and c ¼ � NBNNC2
(nC1�C2)

, we obtain
the solution

NNþ ¼ � b
2
+

ffiffiffiffiffiffiffiffiffiffiffiffi
b2

4
� c

r
: (10)

Physically meaningful is the solution containing the negative sign.
A solution for the system of two Eqs. (4b) and (10) is found
numerically by variation of NNþ with the start value NNþ ¼ NB

until a self-consistent value for NNþ is obtained. This result is used
to calculate n via Eq. (4b), p via Eq. (2b), and finally the gain G via
the following relationship:

G ¼ pvdrift,p þ nvdrift,n
p0vdrift,p þ n0vdrift,n

¼ pvdrift,p þ nvdrift,n
fnpd

� (pþ n)vdrift,p
fnpd

: (11)

The latter approximation is valid for the condition p≫ n.
The values for vdrift,p = 3.5 × 106 cm/s and vdrift,n = 2.8 × 106 cm/s at
0.2 V/μm are derived from the relation given in Appendix A.
Introducing as a second approximation (approximation No. 2)
NNþ � NB in Eq. (4b), the result can be directly calculated analyti-
cally from Eqs. (10), (4b), (2b), and finally (11).

III. INPUT PARAMETERS

Crucial input parameters for the calculations are capture cross
sections, thermal velocities, the e–h pair creation energy, and lifetime
values. A cross section of 1:8� 10�13 cm2 for electron capture by
charged Nþ was derived by Pan et al. from transient photoconduc-
tivity measurements.28 A virtually identical value for hole capture by
charged B� has recently been obtained from CCE measurements
with α-particle excitation.26 Thus, we used σ ¼ 1:8� 10�13 cm2 for
capturing of electrons by Nþ and of holes by B�.

As a general estimation, the cross section for the trapping of
charge carriers at neutral atoms is roughly given by the size of an
atom.5 The experimental value of 1� 10�16 cm2 determined for hole
capture by N0 in the work of Pan et al. obeys this rule.28 However,
the authors pointed out a large error specifically for this value in
their analysis. We therefore briefly consider in Appendix B the possi-
ble influence of a higher and lower cross section on our analysis.

For the e–h pair creation energy εDia, the values scatter
between 11.8129 and 13.25 eV.30 In a recent high precision mea-
surement, the authors claim an accuracy of 1% for their value of
12:82+ 0:13 eV.31 In our calculations, we use εDia ¼ 13 eV.
Thermal velocities vth,p, vth,n, and the lifetime τB are taken from
our recent work (see Table II).26

In addition, realistic values for the impurity concentrations, the
geometry of the detectors, the irradiation dose rate, and the applied
field strength have to be chosen. For boron, Secroun et al.6 reported
concentrations between 0.4 and 2.9 ppb. Similar values around 1 ppb
were found by the authors in samples synthesized in reactors which

had never been used for doping experiments.26 Therefore, calcula-
tions were performed for NB=NC ¼ 0:1, 1, and 10 ppb. In high
resistivity samples, as required for detector fabrication, boron is
typically overcompensated by nitrogen. The compensation ratio
R ¼ (NN � NB)=NB turned out to be the most critical quantity. Its
value was varied systematically over several orders of magnitude.

Concerning the geometry of the electrodes, the minimum
spacing was 10 μm, which is a typical value for coplanar structures
like interdigitated electrodes. The maximum value was 300 μm, a
thickness often used for sandwich detectors. Calculations were per-
formed for E ¼ 0:2V=μm (2� 103 V/cm) in order to avoid an
influence of space charge limited currents (SCLCs), which become
increasingly relevant for higher field strength. SCLC effects are not
considered by our model.

IV. RESULTS

A. Gain as a function of boron concentration and
compensation ratio

Figure 2 shows a plot of the gain G according to Eq. (11)
using approximations No. 1 and No. 2 vs the compensation ratio R
for three different boron concentrations. The e–h pair creation rate
fnp is 1� 1014 cm�3 s�1. For high energy particles and photons (in
contrast to UV photons that can only create a single e–h pair), this
rate fnp corresponds to a dose rate of 3.6 Gy/min.

All three curves in Fig. 2 show the same general shape: in the
medium range between R � 5� 10�2 and � 5� 102, the curves
follow a 1/R relationship. Outside this range, the curves level off.
Depending on the specific boron concentration NB=NC, the curves
cross the G ¼ 1 line at R values of � 102 � 103. For R . C1 (here
2076), the nitrogen concentration is so much higher than the

FIG. 2. Gain G vs compensation ratio R ¼ (NN � NB)=NB for three boron con-
centrations of 0.1, 1, and 10 ppb assuming a crystal thickness of d ¼ 300 μm
and an e–h pair creation rate of fnp ¼ 1014 cm�3 s�1.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 124502 (2021); doi: 10.1063/5.0044649 129, 124502-6

© Author(s) 2021

https://aip.scitation.org/journal/jap


boron concentration that hole trapping prevails electron trapping.
The crystal starts to charge positively which cannot be compen-
sated by electron injection so that the neutrality condition is no
longer valid. The gray region indicates the parameter space for
which our model is no longer applicable.

The downshift of the curves with increasing boron concentra-
tion is a consequence of the higher concentration of charged trap-
ping centers. Toward low R values (,10�2), the curves tend toward
plateaus at G values between 104 and 105. In Fig. 3, this region is
studied in more detail.

B. Influence of electrode spacing and validity of the
approximations

In Fig. 3, the family of curves for d ¼ 300 μm shows a pro-
nounced splitting for different boron concentrations. In contrast,
for d ¼ 10 μm, nearly all the curves overlap with exception of the
highest boron concentration. This behavior can be explained by the
fact that in thin detector structures (or small electrode spacings)
nearly 100% of the electrons are extracted. Only for the 10 ppb
boron sample, electron trapping plays a certain role recognizable by
the slight vertical offset of this curve. Toward low compensation
ratios R, the thin detectors also level off later, i.e., their maximum
gain values are about a factor of 10 higher.

For this graph, we have also examined the validity of our
approximations by solving numerically for selected values the full
system of Eqs. (8) and (4b) without approximations No. 1 and
No. 2. The results of these numerical calculations are added in Fig. 3
using enlarged stars as symbols. One can see only minimal deviations

from the plotted curves. Due to the fact that both approximations
improve for low gain values, deviations are expected to be even
smaller in the region of high compensation ratio R.

Numerical solutions were also calculated for R ¼ 0, i.e., identi-
cal concentrations of both impurities. The results are shown as
short horizontal lines on the ordinate. They indicate that the curves
have virtually reached the upper limit at R � 10�3.

C. Variation of the gain with excitation density

In dosimetric applications, the influence of the dose rate (exci-
tation density) on the electrical output signal is of paramount
importance for every detector. A constant gain is synonymous to a
linear response of the device.

The plot in Fig. 4 shows that for a given device with a specific
value NB the curves calculated for different excitation densities
completely overlap for R . 1, which indicates that their response
should vary linearly with intensity. Below this R value, the curves
split and with higher excitation densities they level off at lower gain
values.

Figure 5 summarizes the variation of the gain G with excita-
tion density fnp for various combinations of the parameters d,
NB=NC, and R.

Horizontal regions of the curves in Fig. 5 indicate a constant
gain value independent of the excitation density. They correspond
to parameter combinations for which the detector should be linear
synonymous to the output being proportional to the radiation
intensity. This is best fulfilled at low intensity. At high intensity,
the gain drops which means that the output signal of the detector
will saturate. The broadest range for a linear operation is obtained
for thin sensors.

FIG. 3. Gain G vs compensation ratio R ¼ (NN � NB)=NB for different boron
concentrations 0.1, 1, and 10 ppb and for two values of the electrode distance d
(10 and 300 μm). The plot is focused on the low-compensation/high-gain region.
The big star symbols represent data points, which have been calculated using
the exact equations without approximations No. 1 and No. 2.

FIG. 4. Gain G vs compensation ratio R for different boron concentrations and
excitation densities.
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D. Influence of bias voltage/field strength

According to our model, the huge difference between the
nitrogen trapping cross sections for holes and electrons, which is
given by the constant C1, causes under equilibrium conditions an
increase in the hole density provided that the electrodes permit
their replenishment. The hole density is sampled by measuring the
photocurrent assuming a homogeneous density across the crystal.
For a photoconductor with ohmic characteristics, the current
increases with field strength given by vdrift ¼ μE until saturation of
the drift velocity equivalent to a decrease in carrier mobility occurs.
A decrease in mobility of holes slowly starts at E � 0:1V=μm.4

Nevertheless, for E ¼ 0:2V=μm as chosen in our calculations, the
drift velocity of holes (3:5� 106 cm/s) is still by a factor of � 4
below the saturation value. As a consequence, even gain values of

1� 2� 106 can directly be explained in the framework of our
model. However, we will discuss in the following various experi-
mental data reported in the literature that query such a simple
extrapolation to higher fields.

Only in a few reports, the field dependence of the gain was
considered in detail. McKeag and Jackman13 found roughly a linear
increase with field strength over nearly three orders of magnitude
up to 2:5V=μm. Liao and Koide10 reported a saturation of the
current at 0:3V=μm with measurements being continued up to
2V=μm. However, in their structure one may have to take into
account the specific role of the Ib substrate below the thin homoe-
pitaxial layer. In contrast, Matsubara et al.22 observed a step-like
behavior with a threshold at 0.2 V–0:6V=μm depending on the
x-ray energy. After a sharp rise by three orders of magnitude, the
current roughly followed a quadratic dependence, which was attrib-
uted to SCLC. A similar super-linear current–voltage characteristics
under γ-irradiation recently reported by Su et al.19 was also inter-
preted in terms of charge injection effects. Finally, Lohstroh et al.7

investigated the influence of the field strength down to very low
values. They found a clear linear region up to 0:02V=μm followed
by a strong superlinear increase. In a former PhD work,32 a linear
current increase was observed for a homoepitaxially grown detector
crystal with ohmic contacts under 60Co γ-irradiation up to
E � 1V=μm. At this field, the gain was on the order of 105.

The discussed literature data do not reveal a common trend
with regard to the field dependence of the responsivity for
diamond photoconductors with ohmic contacts and gain values
well above 1. This may partially be explained by the general
problem of fabricating good and comparable ohmic contacts with
different metals. The modification of the measured gain by SCLC
effects at high bias voltages is a basic problem described in the text-
books on photoconductivity.5 Since our approach is based on the
assumption of a rather homogeneous carrier distribution within
the crystal and ohmic contacts, its numerical predictions should
only be applied to measurements at low fields and negligible SCLC
contributions.

E. Photoconduction in crystals with R > C1

The gray area in Fig. 2 indicates the region of high compensa-
tion ratio R . C1. The influence of the large capture cross section
of Nþ for electrons as compared to hole capture by N0 is overcom-
pensated by the orders of magnitude higher concentration of N0

[see Eqs. (2a) and (2b)]. As a consequence, electrons instead of
holes are now the mobile species. At the beginning of the irradia-
tion, the crystal starts charging positively. Since electron injection
via the electrodes is forbidden, this charging will continue until a
dynamic equilibrium is established under irradiation for a posi-
tively charged crystal.

The situation is considered qualitatively for a 300 μm-thick
crystal containing 100 ppb substitutional nitrogen and a negligible
amount of boron (� 0:01 ppb) assuming homogeneous space
charge distributions of different density. The resulting potential
curves for electrons with a bias voltage of �60 V (equivalent to
0:2V=μm) applied to the electrodes and the anode at ground
potential are shown in Fig. 6. Without space charge (at the begin-
ning of the irradiation), electrons will be extracted with an

FIG. 5. Gain G vs excitation density fnp. (a) Curves for different compensation
ratios R and two boron concentrations NB=NC ¼ 10 ppb (full lines) and 0.1 ppb
(dashed lines). Sample thickness: d ¼ 300 μm. (b) Curves for different compen-
sation ratios R with d ¼ 300 μm (dashed lines) and 10 μm (dotted lines). Boron
concentration: NB=NC ¼ 0:1 ppb.
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efficiency of virtually 100% while only 90% of the holes will reach
the cathode with 10% of them being trapped in the crystal so that a
positive space charge builds up. Further curves are calculated for
different homogeneous space charge densities. Already at 0.01 ppb
which means only 10�4 of the nitrogen atoms being charged due to
hole capture a pronounced local minimum in the potential is
formed at a position x ¼ 114 μm. As indicated in the inset, holes
generated at x . 114 μm will be pulled toward the cathode while
those created at x , 114 μm will be pulled to the anode, i.e., oppo-
site to the externally applied field. The net hole current is just the
difference between both contributions. In contrast, electrons will
gather in the center of the crystal without being able to leave it via
the electrodes. With increasing space charge density ρ, the local
minimum of the potential curve moves to 136 and 143 μm for
ρ ¼ 0:025 and 0.05 ppb, respectively. The latter value is close to the
center of the crystal at 150 μm. Under these conditions, the cur-
rents in the two opposite directions are nearly identical, causing a
dramatic decrease in the net current. Higher space charge densities
will not accumulate since for ρ . 0:05 ppb the resulting electron
trapping by Nþ would overcompensate the hole trapping by
100 ppb N (see C1 ¼ 2076).

The electrons in the conduction band now trapped in the
macroscopic electrostatic potential formed by holes trapped at
nitrogen atoms will accumulate in the center of the crystal until
they are captured by Nþ. This will consequently cause a feedback
on the formation of the stationary positive space charge and on the
shape of its distribution.

Simulating the exact potential curve due to the distribution of
positive charges trapped at levels within the bandgap and of elec-
trons in the conduction band being confined by the electrostatic
potential that would finally develop was beyond the scope of this
study. However, the simple considerations summarized in Fig. 6
can conclusively explain the dramatic decrease in μτ product
with increasing nitrogen concentration found by Secroun et al.6

in detector crystals. In a very systematic study, these authors grew
a set of homoepitaxial crystals with different nitrogen addition to
the process gas varying between no intentional nitrogen and a
maximum of 20 ppm. The content of substitutional nitrogen as
measured by electron paramagnetic resonance (EPR) ranged
from , 0:2 ppb (below the detection limit) up to 25 and 100 ppb.
The corresponding μτ values were 0.0224, 2� 10�6, and
3� 10�9 cm2=V, respectively. The authors performed their mea-
surements at 0:2V=μm. The mobility of holes at this field
strength is � 1750 cm2/Vs (see Appendix A). This results in life-
time values τ of 12:8 μs, 1.14 ns, and 1.7 ps. The lifetime τ ¼
12:8 μs is compatible with a gain on the order of � 103, indicat-
ing a compensation ratio R � 0:1� 1 according to our calcula-
tions. In contrast, the lowest value, specifically the dramatic drop
between the 25 and 100 ppb samples cannot be explained by
simple trapping. Capturing of holes within 1.7 ps by 100 ppb N0

would require a cross section σ ¼ 2:22� 10�12 cm2, which is
22 200 times higher than the 1� 10�16 cm2 reported by Pan
et al.28 Furthermore, without the presence of a positive space
charge, photocurrent carried by electrons should yield an appre-
ciable additional contribution to the μτ product. All these huge
discrepancies can be explained by our considerations in a simple
and consistent way.

V. DISCUSSION

The solvability of the problem of gain formation in diamond
by our model is not least based on the specific asymmetry between
the n- and p-type dopants. Nitrogen as a very deep donor can only
change its charge state by direct interaction of N0 with a free hole
or of Nþ with a free electron. Due to its indirect bandgap, free
carrier radiative recombination is weak in diamond, which favors
trap assisted recombination according to the Shockley–Read–Hall
(SRH) mechanism.33 Nitrogen serves as this trap since the combi-
nation of the described charging and neutralization processes pro-
vides the only efficient path for the recombination of free carriers
at low and medium excitation densities. On the other hand, the low
activation energy of B as p-dopant facilitates an easy thermal emis-
sion of holes. Therefore, the density of neutral boron atoms is small
and the complementary process is irrelevant as a path for trap
assisted recombination due to the negligible rates of electron
capture by B0.

The results of the present calculations show that gain values
ranging from below 1 to more than 105 can be explained plausibly
by a simple model, which considers only nitrogen and boron in dif-
ferent concentrations without the need for additional defect
centers.

The calculations reveal the compensation ratio R as the domi-
nant parameter that controls the absolute value of the gain. As
general trends, they show an increase in the gain with lower

FIG. 6. Calculations of the electrical potentials of a negative charge in a
300 μm-thick diamond crystal with �60 V applied externally (anode at ground
potential) for different absolute values of the space charge densities.
Homogeneous distributions of positive space charges ρ are assumed within the
diamond crystal. Their densities in units of elementary charges are normalized
to NC. The schema in the inset indicates the movement of radiation induced
free charges in the valence and conduction bands due to the resulting electrical
field.
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compensation ratio, lower boron concentration, lower excitation
density, and lower crystal thickness d (sandwich structure) or elec-
trode distance d (coplanar structure), respectively. The broadest
range of constant gain required for a detector response varying lin-
early with the dose rate is obtained for small thickness d and
higher R values.

In order to guarantee that the measured photocurrent is pro-
portional to the hole density in the crystal, a simple ohmic behavior
is required. At high fields, most literature data show pronounced
deviations with superlinear U-I curves, which are usually attributed
to SCLC effects, i.e., space charges are formed in contrast to our
basic neutrality assumption. Under these conditions, measured
gain values are expected to deviate from the numerical predictions
of our calculations.

Only a few reports on photoconductivity measurements in the
literature contain additional quantitative information on boron or
nitrogen concentrations of the diamond samples. None of these
presents a full data set comprising boron and nitrogen content,
which would allow a direct comparison with our calculations.

A quantitative validation needs single crystal samples with
the lowest density of additional defects (dislocations or impurities
like silicon) and precise measurements of NB and NN. Barjon

34

specifies a detection limit of 0.05 ppb for boron in diamond by
cathodoluminescence (CL). He also points out that during excita-
tion with an intense electron beam all the negatively charged
boron atoms are neutralized. Thus, even for the constellations
discussed in this study with initially all boron atoms being
ionized due to NN . NB, a quantitative assessment of NB should
be possible. For nitrogen, EPR is the method of choice. Rapid
scan35 or rapid passage36 EPR techniques have in the meantime
achieved a detection limit for substitutional nitrogen in diamond
below 0.1 ppb. Thus, for samples with NB=NC . 0:1 ppb and
R . 1, data with adequate precision may be obtained provided
that appropriate samples are available. The expected gain values
for these samples are G , 104.

The parameter space that includes the highest gain values is of
special interest. However, access to reliable concentration data is
significantly more challenging. Since EPR can only detect substitu-
tional nitrogen in the neutral stage, absolute measurement of N0

N in
a sample with, e.g., NB=NC ¼ 0:1 ppb and R ¼ (NN � NB)=NB

¼ 0:01 would require a sensitivity of 0.001 ppb. Neutralizing Nþ by
UV light before or during EPR measurements has successfully been
applied for other defect constellations to facilitate a quantitative
measurement of the total content of substitutional nitrogen irre-
spective of its charge state. However, for crystals dominated by N
and B, it is unclear whether measurements at low temperature (to
keep nitrogen and boron neutral) and illumination with an appro-
priate wavelength could work. Light with a photon energy well
above the bandgap is not helpful due to its strong absorption in a
thin layer below the surface. At the end, it would not even solve the
basic problem since the accurate determination of R involves the
difference NN � NB, which means that both quantities had to be
measured close to their detection limit with relative errors below
1%. Targeted synthesis of such samples represents a further critical
issue that has to be mentioned.

We therefore suggest a different approach. Diamond single
crystals with high structural quality and purity which show a low

intrinsic conductivity are apparently not fully compensated, i.e., NN

is slightly lower than NB. The absolute difference may be estimated
from electrical measurements. These samples should yield the G
value calculated for R ¼ 0 (see the short horizontal lines at the y
axis of the graph in Fig. 3).

Currently, we have only one 560 μm-thick single crystal
diamond sample synthesized by heteroepitaxial deposition that par-
tially meets the criteria with a boron concentration of � 1 ppb and
an increased dark current of � 300 nA. From this, we derive a
value of � 109 cm�3 for the concentration of uncompensated
boron atoms corresponding to R � �5� 10�6 close to 0. Under
irradiation with x rays from a Mo tube, a gain of G � 2� 104 was
measured at E ¼ 0:2V=μm and fnp ¼ 1014 cm�3 s�1. This value has
to be compared with G � 1:7� 104 calculated with our model.
Detailed work aiming at an integration of dislocation traps into our
model is in progress.

Finally, we would like to make a comment on the relevance of
our work for the data presented by Salvatori et al.20 and McKeag
and Jackman13 on polycrystalline diamond films. They report
on huge differences in the photoelectric gain: G ¼ 500 at
E ¼ 16V=μm (G � 60 at E � 2:5V=μm) was measured by the first
group and G ¼ 106 at E ¼ 2:5V=μm by the second group. In both
cases, the layers contained a high density of grain boundaries so
that the samples are definitely not ideal for the quantitative verifi-
cation of the present calculations. However, there are no conclusive
arguments why the electronic defects correlated with the grain
boundaries should be so different in the two films that they can
convincingly explain the dramatic difference in the measured gain.
We, therefore, presume that the ratio of incorporated boron and
nitrogen may also control gain formation in these defect-rich films.

VI. SUMMARY AND CONCLUSIONS

In order to find an explanation for the photoconductive gain
in diamond samples with absolute values measured by various
authors in the range of less than 1 and more than 106, a simple
model has been presented that assumes only boron and nitrogen in
an otherwise perfect single crystal. It assumed a detector operated
as solid state ionization chamber equipped with ohmic contacts for
holes at low and moderate electric fields. The equilibrium that
develops under irradiation with high energy radiation for the
charging states of the two impurities, the carrier densities in con-
duction and valence bands and the resulting photocurrent was
described by several rate equations, and the neutrality condition.
The system of equations was solved for boron doping levels
between NB=NC ¼ 0:1 and 10 ppb and further common detector
parameters. Calculation of the photoconductive gain revealed the
dominant role of the compensation ratio R ¼ (NN � NB)=NB. Its
variation between 0 and C1 (� 103) systematically changed the gain
from its maximum value, i.e., .105 for the parameters used in this
study, down to ,1. In the medium range between R � 5� 10�2

and � 5� 102, the curves follow a 1/R relationship. Linearity of a
detector for accurate dose rate measurements requires a negligible
variation of the gain with excitation density. This is best fulfilled
for low thickness d, higher compensation ratio, and lower excitation
density. Nevertheless, even thin sensors with a gain of G . 105 can
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be operated in a linear regime when the excitation density is not
too high.

The predicted range of gain values derived by the calculation
fits the values reported by various authors in the literature, which is
the first strong support for our model. Strategies and limitations for
a further detailed experimental verification of our calculations were
discussed. Finally, an explanation was suggested for the dramatic
decrease in mobility lifetime product μτ observed experimentally
for detectors containing nitrogen in such a high concentration that
the neutrality condition is no longer fulfilled under illumination.
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APPENDIX A: FIELD DEPENDENCE OF DRIFT VELOCITY

At voltages normally used for detector operation, the linear
relationship between field strength and drift velocity is no longer
valid.37 Therefore, the field dependent drift velocities were calcu-
lated from data of Berdermann,4 which are based on the work of
Pomorski.38 In the high field region, the data were fitted by the
Caughey–Thomas relationship,

vdrift ¼ vsat
E=Ec

1þ (E=Ec)
β

h i1=β (A1)

using the fit parameters Ec ¼ 5:697� 103 V=cm,
vsat ¼ 1:57� 107 cm=s, and β ¼ 0:81 for holes and
Ec ¼ 5:779� 103 V/cm, vsat ¼ 2:63� 107 cm/s, and β ¼ 0:42 for
electrons.

APPENDIX B: CALCULATIONS FOR DIFFERENT HOLE
CAPTURE CROSS SECTIONS OF NEUTRAL NITROGEN

In the present calculations, the value σ0
N ¼ 1� 10�16 cm2 for

the hole capture cross section of substitutional nitrogen N0 was
taken from Pan et al.28 The authors pointed out that their experi-
ment facilitated a determination of this value only with a rather big
error which they estimated to a factor of two. Therefore, we
performed also some calculations assuming 0:5� 10�16 and
2� 10�16 cm2 as alternative values for the capture cross section.
According to the results shown in Fig. 7, the error in cross section
propagates into a similar error for the gain. Future cross section
measurements with higher precision may facilitate a reduction of
this error.
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