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A periodic modulation of the boron doping level of single crystal diamond multilayers over more

than three orders of magnitude during epitaxial growth by microwave plasma-enhanced chemical

vapor deposition is shown to yield Bragg mirrors in the visible. The thicknesses and doping level of

the individual layers were controlled by in situ spectroscopic ellipsometry, enabling to tune the reflec-

tance peak to the wavelength range of diamond color centers, such as NV0 or NV�. The crystalline

quality, periodicity, and sharpness of the doping transitions in these doping superlattices over tens of

periods were confirmed by high resolution X-ray diffraction.VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894376]

To make the most of the impressive single photon emis-

sion properties of diamond color centers, such as the

nitrogen-vacancy (NV) or silicon-vacancy (SiV) complexes,

it is of paramount importance to enhance the photon produc-

tion rate as well as the collection efficiency of the emitted

photons. Unfortunately, the strategies based on Bragg mir-

rors which have been so successful in delivering high quality

monolithic optical cavities in the field of compound semi-

conductors could not be applied to diamond, both because of

the lack of diamond-based alloys and of the standing chal-

lenges of diamond heteroepitaxy. Single crystal diamond

films of high quality may so far only be grown by homoepi-

taxy on diamond substrates, so that the refractive index con-

trast required for any multilayer photonic device is lacking.

Worse, because of the high index of diamond in the visible

(�2.4), the light emitted from a given color center will most

likely leak into the substrate because of the high internal

reflection coefficient at the diamond/air interface. Some solu-

tions have been proposed: beside diamond nanoparticles, the

most popular (but still under development) use either

plasma-etched nanowires1–3 or solid-state immersion lenses

fabricated with a focused ion beam4,5 (FIB). Impressive early

demonstrations of 3D micromachining by a combination of

ion irradiation, FIB, and wet etching6 are being more rarely

followed up. In this work, we propose to consider diamond

heavily boron-doped at concentrations [B] larger than a few

1020cm�3 as a metallic diamond (pþ) alloy. The difference

in refractive index (index contrast) between pþ single crystal

epilayers and non-intentionally doped ([B]< 1017cm�3) dia-

mond (i) layers increases with wavelength7–9 (around 10% at

600 nm and 20% at 800 nm), along with the absorption coef-

ficient related to the plasmon oscillations present in pþ dia-

mond. Despite these limitations, we shall demonstrate in the

following that it is possible to make Bragg mirrors out of

diamond by alternating the growth at two different doping

levels, and to tune their periodic refraction properties to the

emission wavelengths of a specific color center. Aiming at

the upper limit of the range of interest, around 850 nm (there

is, for example, a Ni-related center emitting10 at 880 nm),

where the index contrast is highest, a first pþipþi periodic

homoepitaxial stack (SL1) was grown on a type IIa optical

grade (001)-oriented diamond substrate. Then, we fabricated

other mirrors reflecting visible light, closer to the emission

range of the negatively-charged NV� or neutral NV0 cen-

ters.1–5 These have a zero-phonon emission line at 638 and

575 nm, respectively, but their room temperature spectra

involve also sizable phonon-related broad bands at longer

wavelengths, a drawback that is not shared by the less

phonon-coupled SiV� center emitting at 737 nm. Two other

superlattices (SL2 and SL3) were grown for the purpose on

type Ib and type IIa diamond substrates, respectively.

In order to obtain such samples, a standing TE10 micro-

wave was generated in a rectangular horizontal waveguide,

and a vertical quartz tube was positioned at a maximum of

the electric field. A diamond coated substrate holder was

held at mid-height of the waveguide of this microwave

plasma-assisted chemical vapor deposition (MPCVD) reac-

tor11 which was modified12 to allow swift gas exchange and

continuous multilayer growth at a constant total pressure of

40 mbar. The injected microwave power of 280W led to an

estimated 910 �C temperature at the growing surface, which

slightly depended on the composition of the gas phase. The

process was the following: after 60min in a pure hydrogen

plasma allowing to stabilize the temperature and to remove

any sp2 contamination from the diamond substrate surface, a

gas mixture of methane and oxygen diluted in hydrogen with

a molar ratio equal to 0.75% for methane and 0.32% for oxy-

gen was introduced at a total flow rate of 200 sccm in the

reaction chamber, leading to the slow growth of the initial

undoped buffer layer. Then, another gas mixture where a sig-

nificant amount of diborane had been added to a 0.5% molar

methane-in-hydrogen mixture was introduced at the same

flow rate and pressure. This led to the growth (step 1) of pþ

diamond (diborane molar ratio to methane¼ 5000 ppm for

samples SL1 and SL3, 4000 ppm for sample SL2), and
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resulted in solid state boron concentrations in the 2 to

8� 1020cm�3 range.12,13 This second mixture was flushed

with pure hydrogen for 1min (step 2) in order to ensure a

sharp interface, before undertaking non intentionally doped

(i) diamond homoepitaxial growth at a similar rate with a

1% molar methane mixture (step 3), and finally resuming the

pure hydrogen flush step (step 4). Such a continuous pþ/i

bilayer growth sequence was automatically repeated 20

times (17 times for SL3) without interrupting the plasma.

Multiwavelength ellipsometry was performed with a

J.A. Woollam M2000 ellipsometer running under the

Complete Ease software. The ellipsometric parameters

(W, D) and in particular the complex ratio q of the reflection

coefficients for electric fields, respectively, parallel (rp) and

perpendicular (rs) to the incidence plane (q¼ rp/rs¼ tan(W)

eiD) were monitored over the 210–1690 nm wavelength range

at an incidence angle of 75� (ex situ) and 71� (in situ). The

modulus of this complex ratio will be called hereafter the

“polarization ratio.” In the spirit of a previous publication,9

both the in situ and ex situ ellipsometry spectra were simu-

lated using a Cody-Lorentz model for the optical constants

of diamond in the case of non-intentionally doped layers and

by adding a Drude component to these UV oscillators for

metallic pþ layers. Contrary to the epitaxial layers, the

0.3–0.5mm-thick diamond substrate was described as an

“incoherent” optical layer, for which the intensities of the

multiple reflected beams are summed, rather than their

amplitudes.

As detailed elsewhere,14 the offset of the ellipsometric

parameter D resulting from the optical transmittance through

the silica tube walls was estimated from the comparison of in

situ and ex situ spectra of the same reference samples. We

performed this calibration during the initial hydrogen

plasma, as soon as the silica tube temperature became stable.

The acquisition time for one spectrum was 1.5 s and the

elapsed time between two consecutive measurements was

2.4 s. The samples were also characterized optically ex situ

by normal incidence transmittance and oblique incidence re-

flectance spectroscopy over a 200–1000 nm wavelength

range at low resolution (5 nm) in a Perkin-Elmer Lambda

900 double beam spectrophotometer.

High resolution X-ray diffraction (HRXRD) experiments

were performed at the Cu Ka1 wavelength using a Seifert

XRD 3003 PTS-HR diffractometer with a beam concentrator

prior to the Ge(220) four-bounce monochromator and a

Ge(220) double-bounce analyzer in front of the detector. The

diffracted intensity profiles for the symmetric (004) reflection

of diamond were simulated using the X’Pert Epitaxy software

which relies on the dynamic theory of X-ray scattering and

diffraction.15 The variations of the electronic density and cell

parameter of pþ diamond with the boron concentration were

deduced from linear Vegard-type laws based on previous first-

principles calculations and diffraction experiments on thick

pþ epilayers.16,17 The diffracted intensity was also mapped at

high resolution around an asymmetric [�1–13] Bragg spot.

The initial variations of the polarization ratio measured

in situ around 800 nm during the epitaxy of sample SL1,

starting with the first pþ layer homoepitaxially grown on the

undoped diamond buffer layer, are presented in Fig. 1(a).

The repetition over 20 cycles of the four-step sequence

described above led to 20 oscillations governed by the ratio

of the accumulated optical thickness to the monitoring wave-

length. The amplitude of these oscillations increased with

time, up to the 8th period where it reached a value of

0.25–0.3 which was maintained throughout the rest of the

growth. Two small kinks per period may also be observed.

These features correspond to the H2 flush steps, where the

layers not only stopped to grow but were slightly etched

away.12 The plot of the imaginary part of q as a function of

its real part, with time as an implicit parameter, provided

another illustration of the sensitivity of ellipsometry at a

given wavelength to the doping level modulation. For the

same set of ellipsometric parameters, this resulted in the spi-

ral shown in Fig. 1(b), where the saturation effect after 8–10

periods is again quite striking. The kinks associated with H2

flushes are also present on the left-hand side of this spiral,

allowing a clear distinction between the sectors correspond-

ing to the growth of non-intentionally doped i diamond and

those monitoring pþ diamond epitaxy. Actually, the monitor-

ing wavelength has been chosen at 803 nm in order to

maximize the amplitude of the oscillations. The area corre-

sponding to pþ sublayers epitaxy is smaller than that

FIG. 1. In situ monitoring of the polarization ratio at 803 nm during the peri-

odically alternated growth of pþ and non intentionally doped i diamond, sep-

arated by short H2 flushes, leading to sample SL1. The shaded areas indicate

the first sectors corresponding to pþ growth. (a) Time dependence of the

polarization ratio during the first 11 cycles and (b) polar representation of

the complex rp/rs data collected at the same wavelength.
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attributed to i growth, indicating that quarter-wave condi-

tions for each sublayer were not respected. Nevertheless, at

this wavelength, a half-wave effect was expected and indeed

observed for the full period under the angle of incidence of

the optical set up (71�). This so-called half-wave effect

describes the reflection peak observed at a wavelength equal

to twice the optical thickness (for a given incidence) of one

bilayer of the periodic multilayer. The building up of such a

Bragg mirror effect as growth proceeds is illustrated by Fig. 2,

where the polarization ratio spectra after 2, 7, 13 and 19 periods

are presented. After seven cycles, the maximum amplitude at

the peak wavelength was almost reached. Further cycling, even

beyond the 13th period, had the main effect of reducing both

the peak spectral width and the amplitude of the sidebands,

while the peak wavelength became slightly lower.

Fitting parameters of the ex situ spectrum of sample SL1

taken in air at 75� incidence (Fig. 2) for the geometry (SL1

period¼ 187 nm, i thickness 152 nm, and pþ thickness

35 nm) and Drude model (Doping level¼ 7� 1020cm�3)

were determined as described in a previous work.9 Figure 3

shows the reflectance spectrum of sample SL1 measured at

room temperature under a 126 3� incidence. A 50% amplifi-

cation of the reflectance with respect to the baseline (from

20% to 30%) was obtained at 833 nm. The reflectance peak

of sample SL1 had a full width at half maximum (FWHM)

of 60 nm, and was slightly asymmetrical (sharper at longer

wavelengths). The transmittance spectrum (not shown here)

presented a roughly 10% dip at 827 nm, superimposed with

the slow decrease with wavelength typical of a free electron

metal above the plasmon frequency.7 A weaker second order

Bragg peak can be seen around 420 nm.

Sample SL2 was designed for an effective half-wave

effect occurring around the emission wavelength (638 nm) of

the most popular1–5 color center of diamond (NV�), a region

where both the refractive index contrast and the free carrier

absorption are significantly lower than around 800 nm. The

resulting reflectance spectrum is shown in Fig. 3 with a max-

imum in the expected range (640 nm). Fitting the ex situ

ellipsometry spectrum of SL2 yielded a shorter period,

135 nm (20 nm pþ and 115 nm i), and a lower doping level

for the pþ sublayer, around 3� 1020cm�3. A lower index

contrast was therefore expected, especially in the visible

range. This feature is the first possible origin of the signifi-

cantly weaker half-wave effect which was observed in sam-

ple SL2 when compared with SL1 (15% instead of 50%).

Another possible explanation would be a poorer quality

of the doping transitions (sharpness and periodicity) in sam-

ple SL2. This hypothesis was tested performing X-ray dif-

fraction measurements on samples SL1 and SL2. As can be

seen on Fig. 4, a sharp (FWHM(2h)¼ 0.013� ¼ 230 lrad)

peak was observed at a diffraction angle 2h of 119.491� for

the symmetrical reflection on the (004) planes of both the

pþipþi multilayer and (mainly) the diamond substrate. As

expected for superlattices,18 numerous satellite peaks were

also present, their spacing being directly related to the pe-

riod. This was determined from simulations to be 188 nm

and 136 nm for samples SL1 and SL2, respectively, in good

agreement with ellipsometry. The width and sharpness of

FIG. 2. Bottom, left-hand scale: polarization ratio spectra determined in situ

by ellipsometry under a 71� incidence during the periodic growth of pþ/i

bilayers after 2, 7, 13, and 19 epitaxial growth cycles for sample SL1. Top,

right-hand scale: experimental (solid) and simulated (dashed) polarization

ratio spectra of sample SL1 as measured ex situ at room temperature (angle

of incidence: 75�).

FIG. 3. Reflectance spectra of diamond doping superlattices SL1, SL2, and

SL3 measured at room temperature under an angle of incidence of 126 3�.

FIG. 4. Experimental (solid) and simulated (dashed) diffraction curves of

two pþipþi multilayers around the (004) symmetric reflection, with satellite

peaks illustrating the superperiodicity of the epitaxial stacks. The curves

have been vertically offset for clarity. The inset shows the diffraction inten-

sity pattern around the asymmetric (–1–13) Bragg spot of the substrate

measured on sample SL2.
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these satellite peaks being related to the local variations of

this period, their high number illustrates the small disper-

sion on the period. The four orders observed for SL2 illus-

trate the regularity of the automatic MPCVD cyclic

process. Simulating the diffraction curves as shown in

Fig. 4 yielded a total amount of boron (resp. 25 and

7� 1015 cm�2 for SL1 and SL2) in the superlattice.

Assuming a rectangular doping profile, and thicknesses

leading to simulated satellite intensities similar to those

observed, this could correspond to average boron concen-

trations in the pþ layer around 4� 1020 cm�3 for a 35 nm-

thick pþ sublayer in the case of SL1 and 2� 1020 cm�3 in a

20 nm-thick pþ sublayer for SL2.

The inset of Fig. 4 shows the iso-intensity contours in

the reciprocal space for the asymmetric diffraction from the

(�1–13) planes of sample SL2. Beside the strong spot (sub-

strate) and the oblique high intensity line, illustrating the

angular resolution of the system, there is a fainter vertical

line with vertically spaced intensity peaks resulting from the

super-periodicity of the system. The central location of this

line confirms that the whole system has the same in-plane

lattice parameter, so that all doped epilayers are fully

strained in the surface plane, while the out-of-plane lattice

parameter becomes slightly larger in the pþ epilayers as

documented by numerous previous works.8,16,17 The verti-

cality and narrowness of this line illustrate the high crystal-

line quality of the superlattice and the low level of short

range disorder. This was confirmed by the FWHM of the

rocking curve (40lrad) of the �1 satellite peak being nar-

rower than that of the substrate, suggesting that the structural

quality has been improved in the epilayers with respect to

the substrate. As seen in Fig. 4, the (004) diffraction curve

for SL1 yields a lower number of satellites, which are

slightly closer to each other, confirming the longer and prob-

ably less perfect periodicity of this superlattice. Therefore,

the difference in amplitude of the reflectance Bragg peak

between both samples cannot be explained by a poorer qual-

ity of SL2.

A third possible cause for the weaker peak reflectance of

sample SL2 is that the thickness of the pþ layer (20 nm, i.e.,

15% of the period) was too low: For non-absorbing layers, it

is well known that the efficiency of a Bragg mirror may be

increased by tuning the optical thickness of each individual

sublayer of the superlattice to a quarter of the target wave-

length. This was not the case in sample SL2. In the case

where one of the two layers is not completely transparent

(here pþ), a trade-off has to be found between the optimal

double quarter wave situation and the losses associated with

the absorption in the pþ material. Simulations indicated that

using the doping level of SL1 and increasing the relative

thickness of the pþ sublayer should increase the reflectance

contrast. A third superlattice (SL3) was grown with these

characteristics repeated over 17 cycles. Ex situ ellipsometry

indicated that its period was 139 nm (54 nm for i and 85 nm

for pþ). The resulting reflectance spectrum, shown in Fig. 3,

yielded a Bragg peak very similar to that of SL1, with a fac-

tor two amplification (100% instead of 50%), but at 610 nm.

The peak wavelength could be shifted to 580 nm at 45� inci-

dence, matching fairly well the room temperature emission

of the NV0 center. Attention should be paid to the fact that

the refraction was affected by the finite extinction coeffi-

cient: The apparent refractive index became lower than the

real part of the complex index.19,20 This effect induced a bet-

ter index contrast between the two layers, and caused also

more absorption along the multilayer Bragg stack, leading us

to reduce the number of periods from 20 to 17. Finally, sam-

ple SL3 was strongly absorbing, so that its “background” re-

flectance value in the visible range was 15%, significantly

weaker than that of the two previous superlattices (see Fig.

3), and only slightly stronger than that of a thick pþ mate-

rial.7,8 With a Bragg peak maximum at 30%, this contributed

to the enhancement of the mirror efficiency and wavelength

selectivity. Furthermore, the sharper reflectance drop on the

long wavelength side of the peak was found well suited to

cutting off the broad phonon related side bands from the

sharper zero phonon line emission of NV centers.

Although further optimization is still required to tune

the quarter wave effect to the wavelengths of NV�and SiV�

centers, we believe that the present results demonstrate with-

out ambiguity the practical potential of modulating the dop-

ing level over periodic stacks of diamond homoepitaxial

layers for fabricating all-diamond monolithic Bragg mirrors,

opening the way to optical cavities containing diamond color

centers.
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