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ABSTRACT

Among wide bandgap semiconductors, diamond presents physical properties particularly suited for high performance power electronic
devices. Growth and doping of chemical vapor deposited (CVD) diamond have been mainly optimized in the conventional (100) crystal
orientation, highly studied on (111) surfaces and recently initiated on (113). This last orientation seems very promising, as is shown for
intrinsic and p-type doped diamonds. In this work, we report the growth of CVD phosphorus doped diamond films on (113)-oriented sub-
strates. The (113) homoepitaxial layers present a phosphorus content in the range of 7.2 x 10'® up to 4.5 x 10" at/cm® for thicknesses
between 0.6 m and 4 um. The high quality and the full incorporation of phosphorus into donor sites found for the (113) crystal orientation

open new architecture possibilities for bipolar diamond devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079924

For high power electronics, diamond presents unbeatable physi-
cal properties compared to other wide bandgap semiconductors.’
Similar to ZnO and GaN semiconductors, its doping is asymmetric.
The p-type doping of diamond with boron in substitution for carbon
is fairly easy and now technologically mature.”* On the contrary, n-
type conductivity of diamond is difficult to realize and remains a
major issue for the fabrication of diamond-based bipolar devices.
Recent studies performed using chemical vapor deposition (CVD)” or
even high pressure high temperature (HPHT)”" growth processes
show that n-type doping of diamond is still an active research topic.

The conventional crystalline orientations used for n-type doping
are (100) and (111). The (100) diamond substrates are however pre-
ferred because they are more easily polished and less expensive to pro-
duce. Diamond homoepitaxial layers are usually grown by microwave
plasma-assisted chemical-vapor-deposition (MPCVD), such an out-
of-equilibrium growth technique being necessary for the doping of
synthetic diamond. Due to easy crystalline defect formation on (111)
surfaces, better electronic properties are generally observed on (100)
homo-epilayers.”

Even if phosphorus is quite a deep donor with an ionization
energy of 0.6eV,’ it gives the highest n-type conductivities reported so

far in diamond.'’"” The phosphorus incorporation efficiency exceeds
5%'* to reach up to 18% in the (111) orientation,"” while it is only
0.026% in the (100) orientation that is 1000 times lower.”'® In addi-
tion, the maximum phosphorus content saturates at a few 10°° at/cm’
in the (111) orientation'” but does not exceed a few 10'® at/cm? in the
(100) orientation.'™"*'” The capability of phosphorus atoms to incor-
porate as donors in substitutional sites during the MPCVD growth is
evaluated through the fraction of phosphorus donors, Np/[P] (where
Np is the donor concentration and [P] the phosphorus concentration).
While phosphorus atoms get incorporated in substitutional sites
in (111) homo-epilayers rather easily,m it is difficult to obtain Np/[P]
= 100% on (100) orientation. Actually, the growth of (100) n-type dia-
mond with phosphorus requires misoriented substrates'® with a spe-
cific and narrow window of growth parameters.”

In 2008, Silva et al.”' observed that {113} faces occur during (100)
diamond epitaxy, at the corner of the diamond plate, under standard
CVD growth conditions. Such {113} facets are of F-type: with smooth
and low growth by sept flow. The (113) orientation being a stable crys-
tal plane under standard CVD growth conditions may yield to the
largest usable surface area, one of the most important issues for power
electrics. Recently, the deposition of diamond films has been extended
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to the (113) orientation. It appears that for p-type doping with
boron, such an orientation presents boron incorporation in substitu-
tional sites during growth and high crystalline quality for thin to thick
layers. Furthermore, Tallaire et al. even showed the feasibility of highly
boron-doped free-standing (113) plates. As a result, this orientation
seems promising for the fabrication of vertical power devices made of
diamond.”*

In this study, we investigate the phosphorus doping on (113) ori-
ented substrates by growing homo-epilayers by MPCVD. We show
the feasibility of phosphorus doping with full incorporation in donor
sites and compare our results with the ones obtained in conventional
orientations.

Phosphorus-doped homoepitaxial layers have been grown on
(113) type Ib high pressure high temperature (HPHT) diamond sub-
strates. These were obtained by laser cutting and polishing larger size
(100)-oriented diamond crystals, resulting in a cylindrical shape with a
diameter of 2mm and a thickness of 0.5 mm.”**” Their miscut angle
with respect to the [113] direction has been measured by X ray diffrac-
tion and presents a value of ~1.5° for all substrates. To remove any
organic and metallic contaminations from the surface, the substrates
were chemically cleaned before introduction into the growth reactor.'”

The growth has been performed in a laboratory-built metallic
reactor allowing microwave plasma chemical vapor deposition
(MPCVD) associated with the metal-organic CVD technology for
doping with a liquid phosphorus precursor.'" The growth was carried
out with a mixture of H, and CH, having both 9N purity. The sub-
strate temperature was in the range of 900°C-920°C, as measured
with a dual-wavelength Williamson pyrometer. Different microwave
powers and total gas flows and pressures were used (see Table I). The
dopant source was tertiary butyl-phosphine (TBP: C,H;;P) vapor with
6N purity and was diluted in hydrogen. The phosphorus concentra-
tion in the gas phase, evaluated by the [P]/[C]y,; ratio, was adjusted to
0%, 0.12%, 5%, and 12%. [P]/[Clg, = 0% stands for the situation
where no TBP is injected into the reactor. Actually, once phosphorus
precursors have been introduced into the reactor, they contaminate
the growth chamber and phosphorus keeps incorporating into forth-
coming diamond layers, even without TBP injection. This effect is

scitation.org/journal/apl

known as the “memory effect” of the reactor. In this work, the layers
grown with [P]/[C]g,, = 0% indeed contain phosphorus and are called
“non-intentionally doped” (NID) layers. Three samples were grown
with a single epilayer: one intentionally doped (sample A) and the
other two NID (samples B and C). One multilayer sample (D) was
doped intentionally with increasing steps of TBP concentration in the
gas phase (D1, D2, and D3). All the growth conditions are summa-
rized in Table I together with the main characteristics of the homo-
epilayers. We emphasize that the growth conditions investigated for
the (113) orientation on sample A are identical to (100) homo-epilayer
growth conditions.””” On the contrary, in the case of other three sam-
ples (B, C, and D), they are similar to those generally used for (111)
layers.' "

The phosphorus concentration [P] together with the thickness of
the epilayers has been measured by secondary ion mass spectrometry
(SIMS) on CAMECA IMS7f equipment. The primary beam consists of
a Cs™ ion beam with an energy of 10keV and a current of 60 nA.
Secondary ions are detected in the negative mode leading to 15keV of
interaction energy of the primary Cs" ions and to 23.6° of the inci-
dence angle with respect to the normal of the sample. The sputtering
rate was around 4 A/s. To limit the edge effects on the 150 x 150 um”
SIMS crater, the analyzed zone is restricted to a diameter of 33 um. A
Dektak8 stylus contact profiler instrument allows measuring the depth
of the resulting crater. The secondary ions of masses 12 (C) and 31 (P)
were detected. The analysis was done at a low mass resolution. The
quantification of the phosphorus concentration in our diamond sam-
ples was made, thanks to the ion-implanted diamond standard with a
known dose of phosphorus. This method typically gives the phospho-
rus concentration of the epilayers with a 10% relative uncertainty.

The surface morphology was investigated by Atomic Force
Microscopy (AFM). AFM measurements were performed using a
Bruker AXS Dimension 3100 in the tapping mode with a Bruker RTESP-
300 antimony-doped silicon probe having a resistivity range of
0.010-0.025 Q -cm, a resonance frequency of 300 kHz and a spring con-
stant of 40N -m™~'. AFM images are recorded on 2 x 2 um? surfaces.

Cathodoluminescence (CL) spectroscopy was performed on the
(113) epilayers to evaluate the optical activity of the phosphorus

TABLE I. Growth conditions and main characteristics of the phosphorus-doped CVD (113) diamond films. Note that the phosphorus memory effect increased after sample B.

D
Sample A B C D1 D2 D3
Pressure (mbar) 75 50 50 50 50 50
Microwave power (W) 230 420 410 410 410 360-420
Total gas flow (sccm) 400 1000 1000 1000 1000 1000
[Cl/[Ha] (%) 1.8 0.05 0.05 0.05 0.05 0.05
[P]/[Clgas (%) 0.12 0 0 0 5 12
Tgrowth (°C) 930 900 910 920 920 920-900
Duration (h) 1.5 6 28 3 3 9
Thickness (nm) 1650 595 3950 420 460 1170
Ryrowin (nm/h) 1100 99 141 140 153 130
1 = ([P)/[Clsona)/([P1/[Clgas) 2.2 n/a n/a n/a 0.08 0.07
[P] (at/cm?) 4.7 x 10" 7.2 x 10" 3.2 x 10" 3.1 x 10" 3.8 x 10" 4.5 x 10"
RMS (nm) 27.6 1.6 7 n/a n/a n/a
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dopants and estimate the crystalline quality of the layers. This tech-
nique is used to quantify the phosphorus donor concentration Np,
whatever be the concentration of compensating acceptors Ny. It is
based on the intensity ratio between the bound and free exciton lumi-
nescence signals at low temperatures (10K), following the method
detailed in Ref. 26 with a description of the experimental set-up. The
samples were cooled down at 10K in a JEOL700IF scanning electron
microscope (SEM). Depending on the layer thickness, a 5keV or
10keV electron beam energy was used which corresponds, respec-
tively, to ~0.27 and 0.87 um of the stopping depth for electrons.

The surfaces of the samples did not evidence any structural
defects as pyramidal hillocks or non-epitaxial crystallites that are typi-
cal for low quality diamond growth.'® Figure 1 shows AFM images
performed on the single epilayers. Sample A presents a high roughness
with 3D growth-mode characteristics [Fig. 1(a)]. Samples B and C
exhibit low surface roughness (<7 nm) with sawtooth features [Fig.
1(b)] and a step bunching growth process [Fig. 1(c)], respectively. This
surface morphology is smoother than the one reached on (110)
phosphorus-doped CVD diamond.”” Using (100)-like growth condi-
tions for the (113) substrates produced rough layers with low crystal-
line quality, as confirmed by the weak CL signal recorded in the
excitonic region for sample A (not shown here). This reveals that the
(111)-like diamond growth conditions are better suited to grow (113)
homoepitaxial diamond in our growth reactor and in the presence of
phosphorus. This differs from our previously reported results on
boron-doped (113) epilayers for which a wide range of growth condi-
tions similar to those used on (100) led to smooth high-quality films.”

Figure 2(a) shows the SIMS depth profiles of the phosphorus
content for the single epilayers (samples A, B, and C). We observe an
abrupt incorporation of phosphorus at the layer-substrate interface
together with a plateau of phosphorus concentration. We remind here
that samples B and C are NID layers. Due to a series of intermediate
experiments carried out in the reactor, the memory effect was modi-
fied between samples B and C leading to a higher non-intentional dop-
ing in sample C. The phosphorus content in the single epilayers varies
from 7.2 x 10" at/cm® up to 3.2 x 10" at/cm’. Note that the lowest
value is also reached in the (110) orientation.”’

In the following, the analysis of results will focus on the high
quality (113) layers obtained under (111)-like growth conditions (sam-
ples B, C, and D). The growth rate of such (113) phosphorus doped

400.0 nm 400.0 nm

400.0 nm

EE ] 220nm ] 40nm ] 40 nm
(@ (b) ©

Sample A Sample B Sample C

FIG. 1. AFM images of (a) sample A presenting a 3D surface morphology with a
high roughness value (RMS = 27.6 nm), (b) sample B with a flat surface (RMS
=1.7nm) and (c) sample C with low surface roughness (RMS = 6.9 nm).
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FIG. 2. SIMS depth profiles of (a) the diamond single epilayers and (b) the diamond
multilayer grown on (113) substrates under different growth conditions (linear scale
in the inset).

diamond layers is around 0.1 m/h, similar to that obtained on (111)
diamond."!

The multilayer (sample D) is used to evaluate the phosphorus
incorporation efficiency, n = ([P]/[Cl1ia)/([P]/[Clgas) on (113) dia-
mond surfaces. The SIMS depth profile of its phosphorus concentra-
tion is shown in Fig. 2(b) over the first 1.3 um. Three plateaus are
clearly observed and correspond to the 3 layers grown with increasing
[P)/[Clgus ratio. The first plateau that follows the substrate interface
corresponds to D1 grown without TBP in the gas phase (NID). The
phosphorus content measured in this first plateau gives an evaluation
of the phosphorus memory effect in the reactor that reached
3.1 x 10" at/cm’. The second plateau is reached at 420 nm from the
substrate interface and is marked with an increasing step from the first
plateau. The phosphorus content is measured at 3.8 x 10" at/cm® and
corresponds to D2 grown with [P]/[Clgs = 5%. The third plateau
occurs at 880 nm from the substrate interface, and is also marked with
an increasing step. The phosphorus concentration is of 4.5 x 10" at/
cm’® and corresponds to D3 grown with [P]/[Clg.s = 12%. This value
of phosphorus content is the maximum value reached on (113) surfa-
ces in this study: [P]ax (13) — 45 x 10" at/cm® (epilayer D3). It is
between the maximum solubility reported in the (100) and (111) con-
ventional orientations: [P]max "°” = 8 x 10'® at/cm®'® < [Pl ) <
[P]max(lll) — 22 % 10% at/em?. 16172830

The phosphorus incorporation efficiency 1 was extracted from
intentionally doped films of multilayers (D2 and D3 from sample D).
It reaches ~0.08%, 3 times higher than the one obtained in the (100)
orientation. The incorporation efficiency of phosphorus found for the
(113) orientation is between the one reported for conventional (100)
and (111) orientations: 7% = 0.026%'® < n™'® < 41V = 189%.'°

For the lowest (113) phosphorus-doped layer (sample B with
7.2 x 10" at/em®), the CL spectrum in the excitonic region is shown in
Fig. 3(a). The spectrum is dominated by two kinds of exciton recombi-
nations: one at 5.27 eV, corresponding to the free exciton recombina-
tion, Xrto, and the other one at 5.19 eV, attributed to the donor bound
exciton recombination, P*X-o. Both recombinations are assisted by the
emission of a transverse optical (TO) phonon. The no-phonon phos-
phorus-bound-exciton recombination PXyp is also observed at
5.33 eV together with the triplet fine structure, signature of donors in
diamond.’’ The line widths of POXTO, and POXNP lines are, respectively,
9.3meV and 1.8 meV. The observation of these characteristics*>”” indi-
cates that the crystallinity of the lightly phosphorus-doped (113)
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FIG. 3. Cathodoluminescence spectra in the excitonic region of the $113)
phosphorus doped epilayers presenting a Ehosphorus content of (a) 7.2 x 10'® at/
cm?® (sample B) and (b) 3.2 x 10" atlem sample C). The spectra show narrow
bound exciton P°Xro lines and non-phonon P°Xyp Ilnes proving the good quality of
the (113) diamond layers over a wide range of phosphorus content.

epilayer is comparable to the best (100) and (111) n-type phospho-
rus-doped diamond layers [12meV and 2.4meV,””* 9meV and
2meV,”""" respectively]. Such narrow lines point out the good
crystalline quality of sample B.

The detection of the phosphorus bound exciton in sample B indi-
cates that phosphorus atoms are located in substitutional sites, acting
as donors. Using the quantification method,”* we found a donor con-
centration Np = 7 x 10" at/cm® in sample B, while the phosphorus
content in the layer is [P] = 7.2 x 10'® at/cm’. This means that Np/
[P] is ~100% in this sample. In other words, this reveals that, for such
phosphorus content in the (113) orientation, almost all phosphorus
impurities incorporate as donors.

For higher phosphorus content (3.2 x 10" at/cm® for sample C),
the spectrum shown in Fig. 3(b) is noisier and dominated by the phos-
phorus bound excitons, while the free exciton Xt intensity vanishes
due to the higher phosphorus incorporation in the diamond single-
epilayer. For such phosphorus content (>3 x 10'® at/cm?), it is no
longer possible to quantify precisely the donor concentration.” The
spectrum still shows narrow bound exciton P%X1o lines (~10 meV)
and no-phonon P*Xyp lines (~6 meV). This proves the good quality
of the (113) diamond layers over a wide range of phosphorus doping
(from 7.2 x 10'° upto3.2 X 10" at/cm?).

ARTICLE scitation.org/journal/apl

In this work, we demonstrate the possibility to grow (113)-ori-
ented phosphorus-doped homoepitaxial diamond layers with full
incorporation of phosphorus atoms in donor sites, good crystalline
quality, and low surface roughness, comparable to the best (100) and
(111) phosphorus doped CVD diamond. The (111)-like growth condi-
tions that involve a lower amount of methane but also with a lower
growth rate appear to be the most suited to the (113) surface, contrary
to the (100)-like growth conditions. This differs from previous reports
on intrinsic and boron doped (113) epilayers. The maximum content
and the incorporation efficiency found for phosphorus are between
the values reached in (100) and (111) orientations. The (113) diamond
layers retain high crystalline quality over nearly 3 decades of phospho-
rus content. These results pave the way for the fabrication of bipolar
devices on (113) surfaces and open new perspectives for diamond
growth engineering.

This work was financially supported by the National Research
Agency (ANR) through the French National Project MOVeToDiam
No. ANR-17-CE05-0019-02.
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