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A R T I C L E  I N F O   

Keywords: 
Two-dimensional hole gas 
Single crystal diamond 
P-type doping 
Surface electronic properties 
Boron doping 
Field effect transistor 
Nitrogen-vacancy center 

A B S T R A C T   

We present an innovative design for a monolithic field effect transistor, where all components consist of the wide- 
bandgap material diamond. The back gate-electrode is realized by a buried, degenerately boron-doped diamond 
(resistivity < 10− 2 Ω cm), while the dielectric material is made of lightly nitrogen-doped diamond. The 2DHG on 
the hydrogen-terminated surface serves as the conductive channel of the transistor. We discuss the band structure 
of this device, the function of each individual component and show the sample preparation routine. Furthermore, 
we investigate the electrical tunability of the 2DHG and the optical tunability of NV-centers in a first proof-of- 
principle sample. Additionally, we use the field effect to manipulate the charge state of color centers in the 
nitrogen-doped film. This vertical and monolithic device structure opens up a range of applications, not only in 
the diamond semiconductor and quantum information technology, but also for sensing applications where the 
back-gating is advantageous or where an all-diamond layer sequence is beneficial.   

1. Introduction 

Diamond is a promising wide-bandgap semiconductor for harsh en-
vironments [1,2], power applications [3] and for high frequency devices 
[4]. This is due to its extraordinary properties like the highest thermal 
conductivity up to 2200 W/mK [5], an electric breakdown field of up to 
13 MV/cm [6] and high electron and hole mobilities of 3800 cm2/Vs and 
4500 cm2/Vs [7], respectively. 

Doping in diamond is typically achieved using boron as electron 
acceptor (p-type dopant) [8] and phosphorus as electron donor (n-type 
dopant) [9]. Unfortunately, these dopants have high activation energies 
that lead to a small ionization yield even at room temperature. However, 
hydrogen termination of the diamond surface and exposure to ambient 
atmosphere leads to the formation of a two-dimensional hole gas 
(2DHG) [10], and carrier concentrations up to 1.5 ∙ 1013cm-2 can be 
achieved [11] with negligible temperature dependence. 

In contrast to traditional devices, which use metal oxides as dielectric 
material [12–17], we herein present a monolithic field-effect transistor 
(FET) exclusively made of diamond. The 2DHG on the diamond surface 
is used as channel, diamond as dielectric material, and degenerately 
boron-doped diamond as buried gate in this FET structure. This mono-
lithic diamond-based FET shows several advantages to classical designs 

that combine different materials, i.e., superior properties of diamond 
used as a dielectric material such as the high breakdown field and the 
high thermal conductivity. Additionally, the H-terminated surface stays 
accessible as an interface for sensor applications, e.g. for electro-
chemical and biological systems [18–21]. Furthermore, this device 
structure allows to change the charge state of color centers in diamond 
by applying a gate voltage, similar to previous studies in Refs [22–24]. 

2. Device design and tailored band structure 

Fig. 1a illustrates the main device concept, which consists of three 
layers: (i) a degenerately boron-doped layer used as metallic back gate, 
(ii) a lightly nitrogen-doped layer used as a dielectric barrier and (iii) the 
2DHG on the surface that is used as the transistor channel. In the 
following, based on this layer sequence (which also reflects the growth 
direction), the different layers and their influence on the band structure 
will be discussed. 

The mentioned structure is similar to a previously presented struc-
ture in Reference [22], where a degenerately boron-doped layer is used 
as a buried metallic contact. However, in the present study, we use the 
2DHG on diamond instead of a metallic contact on the diamond surface. 
The different shaped band structure is suitable as a field effect transistor. 
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To calculate the band structure, the doping concentration of the 
different layers, shown in Fig. 1b, is decisive. The buried gate is 
degenerately boron-doped with a concentration of 7 ∙ 1020 cm-3 [8,25]. 
Its nitrogen background concentration was estimated to be as low as 
1015 cm-3. 

In this calculation, the second layer is divided in 180 nm with a ni-
trogen doping of 6.36 ∙ 1016 cm-3 and a 22 nm layer where the nitrogen 
doping concentration is decreased (see Fig. 1b). Section 3, below, ex-
plains the details and corresponding calculations to get this nitrogen 
doping concentration. 

Based on this doping profile and the freeware software “1D-Poisson 
Solver” [26] the band structure, the hole concentration and the electric 
field were calculated (Fig. 1c–e). 

Note that the band structure (Fig. 1c) and therefore the hole con-
centration (Fig. 1d) strongly depends on the nitrogen concentration in 
the dielectric layer. These nitrogen n-type dopants are used as counter 
doping for holes in the dielectric layer which are formed due to the 
boron doped layer and the 2DHG, both layers being p-type. To achieve a 
decent dielectric material with a sufficient high resistance between the 
2DHG and the boron-doped diamond, an adequate nitrogen concentra-
tion is required. The expected specific resistance between the degener-
ately doped layer and the 2DHG can be calculated using 

ρ =

∫
1

ep(z)μ dz. (1) 

Here, p(z) is the hole concentration shown in Fig. 1d. 

3. Sample preparation 

In the following paragraph, we will show the sample preparation 
methods and demonstrate the usability of such a device as a field-effect 
transistor that has the potential to measure and manipulate the charge 
state of an incorporated nitrogen-vacancy center (NV-center). The 
sample was grown in custom-made microwave plasma enhanced CVD 
reactor including an iplas CYRANNUS plasma source and using a HPHT- 
(100) oriented substrate from ElementSix with a size of 3 ∙ 3 mm2. The 
monolithic diamond FET on the sample was grown in two different CVD 
steps. 

First, a boron-doped layer was grown using tripropyl borane 
((C3H7)3B) as a dopant. This liquid precursor is placed in a vacuum- 
sealed bottle, evaporated and fed into the CVD chamber via an argon 
carrier gas. The following growth parameters were applied: a gas pres-
sure of 141 mbar, microwave power of 2.4 kW, a substrate temperature 
of 830 ◦C and a gas flow of 384 sccm H2, 16 sccm CH4 and 30 sccm Ar. 
Our experiments show that the sequence in which the gases are added to 
the process has an important influence on the morphology of the grown 
diamond layers. Since the morphology has a strong influence on the 
conductivity of the 2DHG and on the breakdown electric field strength, 
special care was taken to find process parameters that led to good ma-
terial properties. Hence, a growth process of 6 min with tripropyl borane 
was performed after 3 min growth with methane diluted in hydrogen. 
Electrical characterizations of these layers show that the doping con-
centration can be as high as 9.4 ∙ 1020cm-3 with a typical specific 

Fig. 1. a) Stacking sequence, b) doping profile, c) valence band, d) hole concentration and e) intrinsic electric field of the diamond FET. f) Schematic representation 
of the final device. g) Scanning electron microscopy picture of the surface of the final device. h) Enlarged picture of the surface to verify the transition between H- 
terminated and O-terminated surface. 
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resistance below 10− 2 Ω cm. As already reported by other groups, this 
doping concentration is high enough to be considered as metallic, 
degenerate doping [8,25]. 

In a second step, a nitrogen-doped layer was grown on top of the 
boron-doped layer. This growth step was performed in a different 
reactor to avoid boron cross contamination [27–29]. The growth con-
ditions were a gas pressure of 111 mbar, a microwave power of 1.06 kW, 
a substrate temperature of 720 ◦C and a mixture of 8 sccm CH4 and 250 
ppm nitrogen diluted in 392 sccm hydrogen. This was executed for 9 min 
with a growth rate of 20 nm/min before the nitrogen supply was 
switched off and the growth was continued for 1.5 min. This was done to 
decrease the nitrogen concentration at the diamond surface as nitrogen 
donors at the surface are known to suppress the formation of the 2DHG 
[30]. Using the residence time of gas species in the plasma assisted CVD 
reaction chamber we calculated the expected decrease in nitrogen 
concentration in the gas phase during the deposition process [31,32]. 
Additionally, this decrease is monitored by the CN signal of optical 
emission spectroscopy. Utilizing Eq. (1), we were able to calculate the 
nitrogen concentration in the final device from the measured resistance 
(see Ohmic behavior in Fig. 2c). Taking the nitrogen concentration of 
250 ppm in the gas phase, we calculated an incorporation rate of 3.6 ∙ 
10− 4 for nitrogen into the diamond, in good agreement with incorpo-
ration rates reported in the literature [33,34]. 

To realize the electrical contact to the back gate, the sample was 
subsequently etched down to the boron doped layer at all four corners 
using reactive-ion etching (RIE) in an inductively coupled radio fre-
quency plasma. Aluminum was used as a hard mask. Plasma etching was 
performed with a gas pressure of 2.2 ∙ 10− 1 mbar, a power of 800 W, a 
substrate temperature of 360 ◦C, a bias voltage of 104 V with a gas flow 
of 40 sccm O2 and 80 sccm Ar for 9 min. This etching step removes 270 
nm of diamond. Afterwards, the aluminum was removed in NaOH. 

Metallization was achieved by using standard photolithography. 
Two contacts on the H-terminated surface with an area of 150 ∙ 100 μm2 

and a distance of 50 μm, consisting of 12 nm NiCr as adhesion layer and 
63 nm Au, were deposited. The H-termination outside of the transistor 
area was selectively removed in a short oxygen plasma treatment as 
described in Ref [11]. Fig. 1f shows a schematic representation of the 
finished device. Fig. 1g and h show SEM images of the surface of the 
device, where the expected contrast difference between O-terminated 
and H-terminated surface is discernible. 

4. Electrical characterization 

The measured capacitance of the transistor is about 9 pF at zero gate 
voltage, Vg = 0. Using the model of a plate capacitor, the area of the 
2DHG (50 μm × 150 μm) and the dielectric constant of εr = 5.7 for 

diamond [6], we calculate a capacitor plate distance of 202.1 nm, which 
is in good agreement with the expected film thickness from the growth 
procedure. 

Fig. 2a shows the current-voltage characteristics between the source- 
drain contacts for gate voltages ranging from -13 V to +4 V. In the 
measured regime, the leakage current through the gate contact was 
below 1 nA. This low vertical leakage current through the gate dem-
onstrates that the nitrogen-doped region is fully depleted (and insu-
lating) so that the lateral transport through the 2DHG is not affected by 
any parallel current through the bulk diamond layer. 

Fig. 2b shows the transconductance of the device for a constant 
source drain voltage of 4 V. Using a linear extrapolation, we find a 
threshold voltage of Vth = -4.7 V. Additionally, we calculate a field- 
effect mobility of 0.06 cm2/Vs which is three orders of magnitude 
lower than mobilities measured on diamond [11]. The reason is pre-
sumably the non-optimized growth of the nitrogen-doped layer as 
indicated by the broadening of the 1332 cm-1 diamond Raman peak with 
a FWHM of 14.3 cm-1 (not shown here), while the degenerately boron- 
doped layer shows a Raman peak with a FWHM of 5 cm-1. 

Fig. 2c shows the current-voltage characteristic between the 2DHG 
and the boron-doped layer (gate). In the gate voltage region between 
-12.4 V and +10 V, we determine a high resistance of 98 GΩ, which 
demonstrates that the nitrogen counter doped layer serves as a suitable 
dielectric with low leakage. The breakdown voltage was determined to 
be Vbd = -14.7 V, which corresponds to a breakdown field of 725 kV/cm. 
This is more than one order of magnitude lower than the maximum 
breakdown voltage of diamond. We again assign this to the relatively 
low quality of the single crystal diamond dielectric layer indicated by 
the broadened diamond Raman peak signal. However, this breakdown 
voltage allows to tune the carrier density from 0 to 2, 4 ∙ 1012cm-2 with a 
field effect. Despite the poor mobility of the 2DHG, the presented device 
is a fully functional p-type enhancement-mode FET. 

5. Electrical tuning of NV-centers, embedded in a transistor 
structure 

As the dielectric material was grown with nitrogen as counter doping 
(doping concentration 6.36 ∙ 1016, see Section 2) we expect it to contain 
nitrogen-vacancy centers (NV-centers). Therefore, we performed low- 
temperature micro-photoluminescence, where some nitrogen donors 
are transformed to NV-centers. Ref. [34] shows a conversion from ni-
trogen to NV- of around 0.36%. With a laser spot diameter of approx. 1 
μm on the diamond surface and a transistor thickness of 202.1 nm, we 
can expect to measure an ensemble of ~75 NV-centers simultaneously in 
our experimental setup. Note, that the used conversion rate is for the 
negative charge state, and we expect that this density for all NV-center 

Fig. 2. a) IV-characteristics for on applied gate-voltages between Vg = -13 V and +4 V in 0.5 V steps. b) Transconductance with a threshold voltage of Vth = -4.7 V. c) 
Leakage current with a breakdown voltage of -14.7 V. 
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charge states (NV+, NV0 and NV-) is even higher. 
Typical PL spectra are shown in Fig. 3a. Two broad maxima can be 

observed from the neutral (at 2.16 eV) and the negatively charged (at 
1.94 eV) NV-centers. The FWHM of these PL maxima are 12.5 meV and 
17.8 meV for the NV0 and the NV-, respectively, broader in energy than 
the FWHM observed, e.g. by Tamarat et al. [35]. This broad NV-center 
emission may have the following reasons: (i) The quality of the 
nitrogen-doped single crystal diamond layer is low, as already 
mentioned. (ii) The nitrogen donors in the dielectric barrier are fully 
ionized as they act as counter doping. This leads to Coulomb interaction 
and reduces the life time of the excited states. (iii) A possible differently 
pronounced Stark shift in the ensemble due to the built-in electric field 
of the device (Fig. 1e). 

To further investigate the Stark shift, we applied an electric field 
using the gate voltage. The calculated Stark shift for both charge states 
of the NV-center is shown in Fig. 3b. We observe a Stark shift of 2.5 μeV/ 
kV cm− 1 for the neutral charge state NV0 and 3.6 μeV/kV cm− 1 for the 
negative charge state NV- at 85 K in the linear region of Fig. 3b (black 
and red line). This is in good agreement with observed Stark shifts of 2.6 
μeV/kV cm− 1 measured on a single color-center in diamond [36]. By 
taking the electric field as shown in Fig. 1e, we find that about 17% of 
the FWHM can be attributed to the Stark shift. 

Furthermore, we also investigated the charge state of the ensemble of 
NV-centers below our excitation laser spot. As seen in Fig. 4a, the in-
tensity of both charge states increases with increasing gate voltage from 
Vg = -14 V to +4 V. This behavior could be explained for the NV--center 
using the Fowler-Nordheim tunneling (FNT) process. The excited state 
3E of the NV--center (see Fig. 4c) is quenched by FNT for gate voltages of 
Vg < -9 V (see below for further discussion) and, hence, the photo-
luminescence intensity decreases accordingly. 

In more detail, in equilibrium with no laser excitation, we do not 
expect to observe the negative charge state as the dielectric layer is 
depleted and there are no free electrons to form the NV- state. Therefore, 
the luminescence from NV- states in Fig. 4a is explained by photo-
conversion [36,37], where electrons are optically-excited from the 
valence band into the NV-center by the photoelectric effect. Hence, the 
density of NV− -centers depends on two factors: (i) the density of NV0- 
centers (which is also manipulated by the applied gate voltage) and (ii) 
optical photoconversion by the laser excitation power. The laser power 
is constant at 500 μW in the experiment shown in Fig. 4a. However, we 
have performed measurements at lower excitation power of 50 μW (not 
shown here), where the overall intensities of the optical transitions of 

the NV-- and NV0-centers are decreased and the NV-/NV0-intensity ratio 
has lowered, supporting the photoconversion picture. According to (i), 
the intensity of the NV- transition increases the same way as the NV0 

intensity in Fig. 4a for increasing gate voltage. Furthermore, the in-
tensity ratio for both charge states is constant as far as the laser intensity 
is kept constant. However, this is only true for Vg > − 9 V as shown in 
Fig. 4b (black squares). For lower gate voltages (Vg < − 9 V) the intensity 
of the NV- is reduced due to an electron tunneling process from the NV-- 
center into the conduction band of diamond. For high negative gate 
voltage, the band structure is heavily tilted and the distance between the 
conduction band minimum and the 3E excited state of the NV--center is 
decreased as depicted in Fig. 4c. To calculate the tunneling probability, 
we assume a triangular barrier, where now FNT can occur. The FNT is 
given by [40] 

J
(
Vg

)
=

e2F2

16π2ℏV0
exp

⎛

⎝ −
4
3

̅̅̅̅̅̅̅̅̅̅̅̅

2mV3
0

√

ℏeF

⎞

⎠ (2) 

Here, F is the electric field (see Fig. 1e) and V0 is the barrier height. 
The barrier height of 0.6 eV is given by the distance between 3E and 
conduction band minimum [41]. The distance d is solely given by the 
band structure. The calculated tunneling probability is shown in the red 
curve of Fig. 4b and fits very good to measured values. The tunneling 
probability is anti-proportional to the decrease in intensity of NV-/NV0 

ratio. This demonstrates that the decrease in the intensity for NV--center 
is a result of electron tunneling from 3E into the conduction band before 
the excited state could decay radiatively. 

Also visible in Fig. 4a is the intensity decrease of the NV0 transition 
that almost follows the behavior of the NV- transition. However, FNT 
cannot explain this behavior as the gate voltage dependent tunneling 
probability for the ground and the excited states of NV0 are negligible; 
estimated by using Eq. (2). From this estimation we have to conclude 
that an additional effect takes place. Possible effects are: (i) By photo-
conversion the charge states are transferred from NV+ ➔ NV0 ➔ NV- and 
vice versa. By reducing the numbers of centers in the NV--state by FNT, 
this equilibrium is disturbed. (ii) By applying a negative gate voltage the 
NV0, centers are transformed into NV+ state, due to the high hole density 
in the 2DHG [38,39] or (iii) due to the energy levels shifting above the 
Fermi-level by applying a gate voltage. However, further investigations 
are needed to understand the increase of the intensity of the NV0 for 
increasing gate voltage in Fig. 4a. 

6. Summary and outlook 

A novel vertical transistor structure solely made from doped dia-
mond is fabricated and the band structure and the importance of the 
doping profile discussed. It is demonstrated that this device can be used 
for field effect applications, such as a p-type enhancement-mode FET 
and for color center applications. 

The presented device structure is promising for future work as it 
opens up a new field of research for color centers in diamond. Color 
centers can be selectively implemented into this structure, e.g. SiV by 
ion implantation. These color centers can be coupled to the 2DHG and 
using the conductance of the 2DHG as sensor allows it to electrically 
read out the color centers charge state, a technique that has successfully 
been implemented to study single electron dynamics in quantum dots 
[42]. 
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