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Diamond is considered as tissue equivalent, due to its low atomic number, which makes it a particular at-
tractive material for medical radiation dosimetry applications. X-ray dosimeters made of natural single
crystal diamonds are commercially available and routinely used, with typical gain values of about 0.5.
The selection of suitable natural diamonds for this purpose is time and cost intensive. We report an X-ray
induced current study in synthetic single crystal diamonds. Similar to natural diamond dosimeters, the de-
vices had to be pre-irradiated before use to achieve a reproducible performance. We compare two chemi-
cal vapour deposited (CVD) samples grown by Element Six Ltd (UK). D1 was a high purity sample con-
tacted in a sandwich structure with an asymmetric contact pair. Sample D2 was cut vertically and con-
tained some nitrogen rich layers. It was contacted with two Ohmic contacts, which partly covered the high
temperature/high pressure substrate material. Particle spectroscopy suggests better charge transport in D1
compared to D2, most likely caused by the lower purity. In contrast to this, large gain values up to 6 x 10*
and a sensitivity of ~30 mC/Gy were measured at field strengths of 2 kV/cm in D2, and only 7 uC/Gy in
D1, despite their comparable volumes. We deduce that the gain observed in these devices is affected by
the electrical properties of the metal-diamond contacts. The response time of the high gain device was in
the order of minutes, which is longer than expected by a purely photoconductive process. Long persistent
currents have been reported before in diamond under UV irradiation and modifications of gain and re-
sponse time by surface treatment of UV detectors are known in the literature, highlighting the influence of
the surface and contact interface on the device operation. Our results indicate that synthetic single crystal
diamond provides a promising material for high sensitivity tissue-equivalent X-ray dosimeters.

1 Introduction

Diamond is an interesting material for X-ray and ultra violet (UV) light detection, due to its radiation
hardness, chemical inertness, large heat conductance, large charge carrier mobilities and low detector
dark currents [1, 2]. Its atomic number is considered as tissue equivalent in medical applications, which
is particularly beneficial for dosimetry; additionally the spatial resolution of a small solid state detector is
far superior to that of a typical gas ionization chamber [3]. Defects in diamond often act as charge trap-
ping centres, degrading the charge transport properties and consequently the detector performance. Natu-
ral single crystal diamond X-ray dosimeters have been commercially available for many years but the
selection of suitable natural diamonds with the required low defect content for this purpose is time con-
suming. Grain boundaries act as charge trapping centres in polycrystalline diamond [4], thus high quality
single crystalline material is expected to yield larger and more homogenous X-ray induced signals in
comparison.
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We present an initial study of two CVD synthetic single crystal X-ray diamond detectors, concentrat-
ing on the induced current signals observed at room temperature, which is one major aspect of the do-
simetric application [3]. The current / induced by an incident dose rate D in a detector having a sandwich
contact structure is usually described with the formalism for insulating materials introduced by Fowler
[5], which assumes Ohmic contact properties. It predicts I~D”, where 4 is a constant, typically between
0.5 and 1; 4=1 corresponds to the case where trapping at defect levels limits the carrier life time 7. The
photoconductive gain G is defined as the ratio between the current created by the incident irradiation and
the current measured in the circuit. According to that model G = 7/Ty where Tk is the transit time. The
electric field in a sandwich structure with the thickness d and an applied bias V is given by V/d. The
carrier velocity v can be approximated using the mobility u, as v = uV/d, if the velocity is much smaller
than the saturation velocity in diamond, which is typically above 8 x 10° cm/s [6, 7]. In that case, the
transit time is given by Tx = d*(uV)". Typical values for A reported in the literature for single crystal
natural and synthetic polycrystalline devices are between 0.8 and 1.1 [8-11]. Natural diamond dosimeters
are reported with sensitivities between 50 to 135 nCGy 'mm™ [12]. Polycrystalline X-ray detectors ex-
hibiting gains larger than 1 have been fabricated by several groups [13, 14], and in one instance a gain of
10° has been observed in a polycrystalline diamond inter-digitated UV photoconductor [15].

2 Experimental Details

The two diamonds studied here were grown by Element Six Ltd.(UK) using microwave CVD processes.
The high purity sample D1 contained a square Ni/Pd/Au top contact with a thinner 0.8 mm diameter area
in the centre of the pad [16]. On the back, an Ohmic metal carbide contact had been fabricated [17].
Sample D2 had metal carbide Ohmic contacts on both surfaces and part of the contact area covered high
temperature high pressure synthesized (HTHP) diamond material, which had been used as substrate
during the growth; additional nitrogen had been introduced on purpose into a small fraction of the area of
the CVD material, where it is concentrated in thin layers parallel to the growth surface. In a cathodolu-
minescence experiment, these layers have been shown to emit the characteristic nitrogen-vacancy lumi-
nescence signature, which is absent outside the layers [18]. Details of the device properties are summa-
rized in table I.

Table 1 Comparison of the device properties of D1 and D2

D1 D2
Growth process CVD CVD and HTHP
Thickness [pum] 350 490
Contact area [mmz] 4 3.8
Guard ring Yes — floating No
Biased contact, irradiated side Ni/Pd/Au Ti/Au (annealed)
(10 nm/30 nm/130 nm) (50 nm/300 nm)

with 0.8 mm diameter centre
of Ni/Au (5 nm/5 nm)

Grounded contact, back side Ti/Pd/Au (annealed) Ti/Au (annealed)
(30 nm/30 nm/130 nm) (50 nm/300 nm)

Dark current up to +/- 150 V < 3pA < 3pA

I (V) characteristic under X-ray Asymmetric, unstable at Symmetric

irradiation negative bias

Response time (fully primed) ~30s ~3 minutes

Sensitivity at +100 V [uCGy™'] 6.1t07.0 29300 +/- 300

The samples were placed at various distances from a broad beam Oxford Instruments (model XTF 5011)
X-ray tube with a Mo target operated at 50 kV with anode currents up to 1 mA. The absorbed dose has
been estimated using a calibrated ionization chamber in place of the sample, assuming an average ratio
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of 3.6 for the mass attenuation coefficients of air and diamond [19], which is correct to within 5 % per-
cent for the energy range of the intensity peak of the bremsstrahlung’s spectrum and the characteristic
Mo emission lines. Differences due to scattering and absorption at the metallization and the sam-
ple/ionization chamber mounting have been neglected. The energy to create an electron hole pair in dia-
mond W,;,, was assumed to be 13.2 eV [20], which is in agreement within 3 % of other publications [7,
20, 21] and our own particle induced charge pulse studies, although some recent publications suggested
Wenp > 15 eV [16, 21, 22]. Thus 1 Gys" corresponds to a created current of 266 nAmm™. The current
data was acquired in air using a Keithley 487 picoammeter. The samples were biased through the irradi-
ated contact, which was made of Ni/Pd/Au in the case of D1 and Ti/Au in the case of D2 (see table I).

3 Results and Discussion

The dark current for both samples was below 3 pA in the investigated voltage range. It increased more
than linearly above a certain threshold voltage for both bias polarities, which is qualitatively in
agreement with the [(V) characteristics reported by Regbisz and Pomorski et al. [23, 24]. Figure 1
displays I(V) curves under X-ray irradiation. The current of sample D1 is unstable at negative and stable
at positive bias. In contrast, the result for sample D2 shows stable and symmetric currents for either bias
polarity. Secondly, the amplitude of the photocurrents is three orders of magnitude larger for sample D2
compared to D1.

20 1 (a) D1 (b) D2 / 20
15 1 2.9 mGys'1 1.0 mGys'1,// 10
10 { / -
= 5] / Voltage [V] ' E
e o 8-6-4202468 L0 §
5 T8 140.57 mGys™ &)
o <
5 ! =4 ] L 20
50 0.12 mGys™
10 £-4
O-8 | r-30
-150 -100 -50 0 50 100 150 -100 -50 0 50 100
Voltage [V] Voltage [V]

Fig. 1  Current vs voltage under various incident dose rates, solid lines: increasing bias steps, dashed lines,
decreasing bias steps. (a) sample D1, (b) sample D2. Inset: induced currents under low bias voltages of sample D2.

Analysis of all the /(V) data shows that at a given bias voltage the currents increase linearly with incident
dose rate in both detectors (except for the unstable negative bias region of D1). The I(V) curves for
sample D2 have a small linear region between -10 V and +10 V, displayed in the inset of Fig. 1 (b),
where the gain increases linearly with voltage with a rate of about 3.5 V™', followed by the strong
increase in currents at higher biases - and consequently gain up to 6 x 10*. In contrast the gain shown by
device D1 is much smaller and reaches about 18 at +100 V.

The charge transport properties of the diamond material used for both devices have been measured
independently in terms of charge collection efficiency (CCE) using 2.6 MeV proton induced pulses. The
spatially resolved maps of detector response to the proton irradiation showed very low signals in D2 at
the layers exhibiting the nitrogen luminescence characteristics, no signal at all was detected from the
HPHT substrate [18]. Thus we know that the contribution of these thin layers and the substrate have a
negligible contribution to the spectra taken over the whole sample area in Fig. 2 (b).
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Fig.2 CCE spectra acquired under 2.6 MeV proton irradiation

The CCE spectra shown in Fig. 2 demonstrate that D1 has higher and narrower CCE peaks at lower
applied field strength than D2, which indicates better charge transport properties in this higher purity
sample. Therefore we exclude differences in the bulk mobility-lifetime product of the charge carriers as
the origin of the much larger induced currents in sample D2. Instead, the different performance is related
to the different nature of the metal-diamond contacts, with the gain observed in device D2 due to the
symmetric Ohmic carbide contact structure which allows charge injection from the metal contact into the
device; this is a requirement for photoconductive gain > 1. In contrast, the top contact in device D1 acts
as a (non-ideal) blocking contact which may suppress this injection effect at the metal/diamond interface.
This suppression is caused by a potential barrier, which can also depend on dopant concentration. This is
expected to be different in D1 and D2 due to their different bulk defect distributions.

10¢ 1 D1 D2

<10°

102

Current [n

10"

100 ,‘
Vi = +100 V, 0.82 mGys

107
100 150 200 2500 250 500 750 1000 1250
Time [s]

Fig. 3  Time response under switching on and off of the incident X-ray irradiation in the fully primed condition,
illustrating the long response times of the devices.

Both samples showed the well-known priming behaviour of diamond during the initial irradiation stage.
The signals stabilized after an accumulated dose of ~5 Gy. Figure 3 illustrates that, in the primed state,
the time to reach stable current values after a change in incident X-ray dose rate was longer for sample
D2 than for D1, with response times of about 3 minutes and 30 s respectively. In both cases, the
stabilization takes much longer than it is expected by the simple model of photoconductivity, where the
response time is purely limited by the charge carrier life time. Similar persistent photocurrents have been
reported in homoepitaxially grown diamond on single crystals [25] and in polycrystalline diamond UV
detectors [13], which also showed the trend of slower responses in larger gain devices.
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Fig. 4 Induced current (solid) under varying incident dose rates (dashed) in the fully primed state displayed as a
function of time (a) sample D1, (b) sample D2.

Figure 4 shows an example of the induced current with varying incident dose rate after priming for each
sample. The stabilized photocurrent response is reproducible over timescales of several hours. Datasets
such as the one shown in Fig. 4 have been used to extract the sensitivity of each device. The average
current at each dose rate has been calculated from the data 30 s after a change in dose rate for D1 and
after 3 minutes for sample D2. The results are displayed in Fig. 5. The error bars represent the maximum
difference found in each averaged time interval and therefore represent the maximum scatter in the data.
The plots indicate an approximately linear current - dose rate relationship (4 = 1), consistent with charge
transport affected by traps in both samples in this bias and dose rate regime. The sensitivities found for
D1 vary slightly from data set to data set measured under similar conditions, with values between 6.1 and
7.0 pCGy'. The variation is attributed to a lack of repeatability in the priming procedure, which fails to
completely negate the influence of the sample history on the induced currents caused by previous irradia-
tion, illumination and temperature changes. In contrast to that all five extracted sensitivity values of D2
agree within the uncertainty; the mean value is 29.8+/-0.3 mCGy', i.e. a gain of ~ 6 x 10*. Extrapolating
from the /(V) characteristics, higher gain values are expected at larger bias voltages.

8 35
(a) D1, +100 V (b) D2, +100 V | 30
64 (after priming at +100 V) % (after priming at +100 V)
< & 25 =
= g o L 203
c 4 4 c
[0] % o 15 [0]
£ & £
82 | o ) 29.8(3) mC/Gy | 10 3
5 8 Mo
0 14 , , Y

1.00.0 0.2 0.4 0.6 0.8 1.0
Dose rate [10° Gys™']

0.0 0.2 0.4 0.6 0.8
Dose rate [10° Gys™']

Fig. 5 Sensitivity extracted from data sets exemplified in Fig. 3. (a) sample D1, (b) sample D2. The error bars
represent the maximum variation in current values within each averaged interval.

We note that similar high gain values even up to 10° have been reported in polycrystalline CVD diamond
with a coplanar contact structure under UV illumination by McKeag et al. [15]. In this case, high gain
was observed between fine-pitched inter-digitated contacts and was achieved by passivation of near-
surface defects in the polycrystalline diamond film.

4 Conclusion

The discrepancy in signal amplitude between radiation induced currents measured in continuous mode
compared to induced charge pulses suggests that the result is not purely dependent on the bulk material
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quality, but also crucially on the contact characteristics. Further studies using comparable bulk material
is needed to clarify the role of the contact processing on the charge injection necessary for the photocon-
duction process. Nevertheless, our study shows that synthetic single crystal diamond has the potential to
be operated as X-ray dosimeter. Despite the high mobility lifetime products observed in single crystal
synthetic diamond, a simple model of photoconductive gain cannot explain alone the observed gain of
>10" in our thick ‘sandwich’ structures. Reproducible gain of the order of 6 x 10* has been demonstrated.
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