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Three-Dimensional Hydrogen
Microscopy in Diamond

P. Reichart,1*. G. Datzmann,1 A. Hauptner,1 R. Hertenberger,2

C. Wild,3 G. Dollinger1-

A microprobe of protons with an energy of 17 million electron volts is used to
quantitatively image three-dimensional hydrogen distributions at a lateral
resolution better than 1 micrometer with high sensitivity. Hydrogen images
of a G1109-textured undoped polycrystalline diamond film show that most of
the hydrogen is located at grain boundaries. The average amount of hydrogen
atoms along the grain boundaries is (8.1 T 1.5) � 1014 per square centimeter,
corresponding to about a third of a monolayer. The hydrogen content within
the grain is below the experimental sensitivity of 1.4 � 1016 atoms per cubic
centimeter (0.08 atomic parts per million). The data prove a low hydrogen
content within chemical vapor deposition–grown diamond and the impor-
tance of hydrogen at grain boundaries, for example, with respect to electronic
properties of polycrystalline diamond.

Diamond is a promising material for various

applications. Although its chemical and me-

chanical properties have led already to wide-

spread applications, its potential for electronic

or optical application remains limited because

of imperfections (1). The recently demon-

strated high carrier mobility in single-crystal

chemical vapor–deposited diamond (2) opens

perspectives for electronic devices in hostile,

high-voltage, or high-temperature environ-

ments (3); diamond optics (4); radiation sen-

sors (5); and particle detectors (6).

However, the production and character-

ization of high-quality diamond, especially

for electronic devices, is a great challenge.

Chemical vapor deposition (CVD), for ex-

ample, is a well-established method (7) to

synthesize high-quality diamond layers and

opens the possibility for hetero- and homo-

epitaxial growth of CVD diamond layers up

to some mm thickness (8, 9). One main aim

is to understand the origin of structural im-

perfections and impurities and to reduce or

control these in order to improve the elec-

tronic and optical properties. The presence of

hydrogen is known to influence these prop-

erties (10, 11). Depending on type and qual-

ity, average hydrogen concentrations were

found from below the detection limits of

1017 atoms/cm3 up to about 1019 atoms/cm3

in the bulk of polycrystalline diamond layers

(12). Also, several hydrogen-related com-

plexes were identified (13–15). However,

there is insufficient information about the

quantity and the spatial distribution of these,

and perhaps as-yet-unidentified, types of

hydrogen-related defects. It is even unknown

whether most of the hydrogen being detected

in diamond is concentrated at grain bound-

aries, inclusions, and other extended defects

or whether hydrogen is distributed homo-

geneously throughout the bulk at defects of

atomic dimensions. The decrease of the hy-

drogen content with increasing size of the

crystallites inside polycrystalline CVD dia-

mond layers, as well as infrared (15) or elec-

tron spin resonance studies (16), indirectly

indicate that most of the hydrogen is situated

at grain boundaries. Another explanation, how-

ever, is that there is reduced defect density

within the grains with growing film thick-

ness. Information about the absolute quantity

of hydrogen inside the grain compared with
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München, 85748 Garching, Germany. 2Department
für Physik, Ludwig-Maximilians-Universität (LMU)
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Freiburg, Germany.

*Present address: Microanalytical Research Centre,
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3010, Australia.
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Fig. 1. Hydrogen analysis by pp scattering. The
two protons emitted from a proton scattered
at a hydrogen nuclei of the sample are de-
tected in coincidence by a suitable detection
system (25).
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those at the grain boundaries is needed to

clear this question without doubt.

We concentrate here on the microscopic

analysis of hydrogen distributions in CVD

diamond. So far, it has been difficult to

analyze hydrogen with the necessary sensi-

tivity and lateral resolution to answer this

question, despite several attempts to extend

existing hydrogen analysis techniques to their

limits (17–19). Therefore, a method was de-

veloped for sensitive three-dimensional hydro-

gen microscopy (20, 21) by using coincident

elastic proton-proton (pp) scattering (22). The

principle of this technique (Fig. 1) shows that

a proton scatters with a hydrogen atom sit-

uated inside the sample. The two protons

from this elastic pp-scattering reaction leave

the scattering site with an angle of 90- to

each other. Provided that the scattered pro-

tons have enough energy to leave the sample,

the coincident detection with this signature is

used to filter the pp reaction from all other

scattering reactions, and one gets a nearly

background-free hydrogen signal. A sensi-

tivity better than 0.1 atomic parts per million

(ppm) has been obtained (23). This method

has been adopted at the proton microprobe

SNAKE Esuperconducting nanoscope for

applied nuclear (Kern) physics experiments^
(24) of the Munich tandem accelerator by

using protons with an energy of 17 MeV

(25). It gives a lateral resolution of better

than 1 mm, which is limited by the beam

spot size of the microprobe (23). Depth

information of several-micrometer resolution

is obtained simultaneously from energy loss

analysis of the scattered protons (26).

In order to solve the question on the

distribution of hydrogen in diamond, we ana-

lyzed a high-quality, polycrystalline, G1109-

textured CVD diamond layer (25, 27). The

diamond has been deposited in a 6-kW micro-

wave CVD reactor onto a 3-inch Si(100)-

wafer at 820-C by using 1% methane in

hydrogen gas at 160 mbar. An image of the

as-grown surface obtained by optical micros-

copy (Fig. 2A) shows that the 111 facets of

individual grains have an average size of

about 50 mm by 50 mm. The cross-sectional

view (Fig. 2B) has been taken from the layer

that was originally grown to about 500 mm in

thickness and mechanically polished at the top

surface in order to remove the faceted

structure. The columnar crystallites establish

from the nucleation layer at the substrate and

grow as illustrated (Fig. 2C). As marked with

the dotted line, the layer was mechanically

polished from the back to get a freestanding

sample. The end step of thinning was per-

formed by a reactive ion etching process in

oxygen plasma to get a layer 55 mm thick and

grain boundaries nearly perpendicular to the

surface. The resulting layer is thin enough that

the scattered protons from pp scattering can be

transmitted through it, and therefore hydrogen

imaging becomes possible on that layer. By

using atomic force microscopy, we determined

a surface roughness of about 0.6 nm (root

mean square) on an area of 2 mm by 2 mm.

An optical phase contrast microscope

picture of this layer in top view is shown

(Fig. 3A) with the grain boundaries clearly

visible. The black rectangle marks the 70-

mm-long (x axis) and 7-mm-wide area (y axis)

analyzed by the focused 17-MeV proton mi-

crobeam with a fluence of 6 � 1017 protons/

cm2. The beam dimensions were about 0.6 mm

by 2.0 mm at a beam current of 54 pA or 3.4 �
108 protons/s. The analysis was performed at

room temperature in a hydrocarbon-free scat-

tering chamber at SNAKE at a vacuum pres-

sure of 10j7 mbar. No significant change of

the hydrogen content at the surface and in

the bulk was observed during the analysis

(23), although a blackening of the irradiation

area arose because of defects created by the

proton beam in the diamond layer.

The lateral hydrogen distribution as obtained

from hydrogen microscopy is superimposed onto

the optical image of Fig. 3A. The events from

the front or back surface are disregarded in this

spectrum in order to reveal the signal from the

hydrogen inside the layer. One entry corre-

sponds to about 6.5 � 107 H atoms. A sharp

accumulation of hydrogen events is visible on

the left side, and a broader one on the right,

both exactly correlated with the position of

the visible structures in the optical image.

A clear view of the hydrogen distribution

is given by the cross-sectional hydrogen

distribution of the diamond layer (Fig. 3B).

The two horizontal branches in the marked

areas I-II and III-IV correspond to the hy-

drogen at the front and back surface of the

diamond layer with a content of about (7.2 T
0.4 T 1.4) � 1015 H atoms/cm2 and (11.3 T
0.4 T 2.2) � 1015 H atoms/cm2, respectively.

The first error interval represents the statisti-

cal uncertainty; the second represents the

systematic uncertainty. Ideal G1109 surfaces

do not reconstruct (28), and one expects

about 2.2 � 1015 dangling bonds per cm2

saturated with one hydrogen atom each. The

larger hydrogen coverage reflects surface

roughness and additional adsorption of water

and hydrocarbon molecules as previously pro-

posed (29). The widths of the two branches

are caused by limited depth resolutions of

3 mm and 6 mm at the upper and lower sur-

face, respectively (26). This depth resolution

is sufficient to separate the hydrogen-rich

surface from the low hydrogen content at

depths between the marked points II and III.

In Fig. 3B, the two hydrogen enhancements

of the superimposed spectrum in Fig. 3A ap-

pear localized in lines running between the

two surfaces. The left one is nearly perpen-

dicular to the surface, whereas the right one is

tilted by about 15- with respect to the surface

normal. Therefore, we conclude that the right

structure in the optical micrograph of Fig. 3A

is a tilted grain boundary. For the left per-

pendicular grain boundary, the projection of

the hydrogen content between II and III to the

bottom of the diamond film is shown in Fig.

3C. It depicts a width of the hydrogen en-

hancement of only 0.6 mm and shows that the

principle position resolution is at least as

good as this value. The areal density of hy-

drogen at the grain interfaces is (7.8 T 1.3 T
1.6) � 1014 H atoms/cm2 for the left grain

Fig. 2. (A) Surface view of the unpolished polycrystalline CVD diamond
sample. (B) Cross-sectional image of the original 500-mm-thick polished
sample, showing the columnar structure of the diamond layer. Grain sizes
increase with distance from the nucleation layer to about 50 mm wide

close to the surface. (C) Grain structure to clarify the structure of the
diamond sample of (B). The dotted line marks the lower surface af-
ter polishing the sample from the back in order to perform hydrogen
analysis.
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boundary and (8.5 T 1.3 T 1.7) � 1014 H

atoms/cm2 for the right, respectively. This

corresponds to about a third of a monolayer

of hydrogen situated at each interface be-

tween the grains of the polycrystalline layer.

In order to get information on the hydro-

gen content within the grains, a second mea-

surement has been performed on a single

grain. The measured area is marked black in

Fig. 4A, which does not contain any visible

grain boundary. In accordance, no hydrogen

enhancement is visible in the cross-sectional

hydrogen distribution (Fig. 4B). One entry in

the spectrum corresponds to 1.0 � 108 H

atoms. Between the hydrogen enhancements

at the surface, several counts are present, re-

sulting in (3.8
–1.3
þ1.5 T 0.4) � 1016 H atoms/

cm3. However, above the upper and below

the lower hydrogen surface layer, a similar

density of detected events is visible. These

events have to be attributed to accidental

coincidence events that are not suppressed

by the five-level filter procedure described

in (23). They give a background level of

(4.2
–1.3
þ1.5 T 0.4) � 1016 H atoms/cm3. At this

background level, the hydrogen content is con-

sistent with zero and an upper limit of (1.2 T
0.4) � 1016 H atoms/cm3 with use of the

evaluation scheme of Feldman and Cousins at

small signals (30). In terms of this statistical

treatment, the background represents an experi-

mental Bsensitivity[ of 1.7 � 1016 H atoms/cm3.

Taking all measurements made up to now into

account, the sensitivity of the microscopic

analysis reduces to 1.4 � 1016 H atoms/cm3

(0.08 atomic ppm hydrogen) (23).

Our results give further insight into the

role of hydrogen with respect to electronic

properties of diamond. One expects that the

observed hydrogen at the grain boundaries

saturates dangling bonds at the grain inter-

faces and therefore suppresses generation of

charge carriers. The hydrogen-containing de-

fects at the grain boundaries probably lead to

traps for charge carriers as observed in ion

beam–induced current measurements (31).

At surfaces of some types of diamond, hy-

drogen bonding is related to p-type surface

conductivity (32). Several models like the so-

called transfer doping model (33) are used to

describe this conductivity. Similar hydrogen-

related doping effects at structural inhomo-

geneities like the grain interfaces may be

proposed for electrical activity inside poly-

crystalline layers. However, the measured high

specific bulk resistance of r 9 1013 ohmIcm of

the analyzed sample excludes a doping ef-

ficiency similar to that on the diamond sur-

Fig. 4. (A) Optical-phase contrast microscopy
image of the area around the black marked line
scan (70 mm by 7 mm) within a single grain. (B)
Cross section of the hydrogen distribution as a
depth profile, with one event corresponding to
1.0 � 108 H atoms. No significant hydrogen
enhancement is visible between the branches
of the surface hydrogen, and the content is as
large as the background by accidental coinci-
dences. This results in an upper limit of 1.2 �
1016 H atoms/cm3 for the hydrogen content
within the grain.

Fig. 3. (A) Optical microscopy image of the
irradiated diamond sample. With use of the
optical phase contrast technique, the grain
boundaries become visible. The dark rectangle
marks the position of the analyzed area of 70 mm
by 7 mm. Superimposed is the lateral distribution
of the detected hydrogen events without the
hydrogen signal from the surfaces. (B) Scatter
plot of filtered coincident pp-scattering events
calibrated as a two-dimensional cross section of
hydrogen distribution. The density of the points
scales with the hydrogen content, and one entry
corresponds to about 6.5 � 107 H atoms. The
horizontal branches represent the hydrogen con-
tamination at the surfaces. Corresponding to the
position of the grain boundaries in the optical
image, two significant enhancements of hydro-
gen inside the layer are detected. (C) The pro-
jection of the events in depths between II and
III toward the x axis in (B) demonstrates the
sharpness of the left hydrogen accumulation,
showing a principle position resolution better
than 0.6 mm.
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face. This fits with the transfer doping model,

because it is conceivable that there would be

no suitable molecules within the layer to con-

tribute to the transfer doping process. The low

content of hydrogen within the grain proves

the potential of microwave CVD to grow

high-quality diamond. The content is even

well below the doping levels used for p and

n doping of diamond and is, therefore, also

in line with the high resistance of the studied

sample.

References and Notes
1. B. Dischler, C. Wild, Eds., Low-Pressure Synthetic

Diamond, vol. 11 of Springer Series in Materials
Processing, W. Michaeli, H. Warlimont, E. Weber, Eds.
(Springer, Berlin, 1998).

2. J. Isberg et al., Science 297, 1670 (2002).
3. A. Vescan, I. Daumiller, P. Gluche, W. Ebert, E. Kohn,

Diamond Relat. Mater. 7, 581 (1998).
4. E. Wörner, C. Wild, W. Müller-Sebert, P. Koidl, Diamond

Relat. Mater. 10, 557 (2001).
5. C. Manfredotti et al., Nucl. Instrum. Methods A458,

360 (2001).
6. P. Bergonzo et al., Phys. Status Solidi (a) 185, 167 (2001).
7. J. C. Angus, C. C. Hayman, Science 241, 913 (1988).
8. H. Kawarada et al., J. Appl. Phys. 81, 3490 (1997).
9. C. Yan, Y. K. Vohra, H. Mao, R. J. Hemley, Proc. Natl.

Acad. Sci. U.S.A. 99, 12523 (2002).

10. H. Kawarada, Surf. Sci. Rep. 26, 205 (1996).
11. A. M. Stoneham, in The Properties of Natural and

Synthetic Diamond, J. E. Field, Ed. (Academic Press,
New York, 1992), pp. 4–34.

12. G. Dollinger, A. Bergmaier, C. M. Frey, M. Roesler,
H. Verhoeven, Diamond Relat. Mater. 4, 591 (1995).

13. F. Fuchs, C. Wild, K. Schwarz, W. Müller-Sebert, P. Koidl,
Appl. Phys. Lett. 66, 177 (1995).

14. C. Glover, M. E. Newton, P. Martineau, D. J. Twitchen,
J. M. Baker, Phys. Rev. Lett. 90, 185507 (2003).

15. B. Dischler, C. Wild, W. Müller-Sebert, P. Koidl, Physica
B 185, 217 (1993).

16. D. F. Talbot-Ponsonby et al., Phys. Rev. B 57, 2264
(1998).

17. R. D. Maclear et al., Diamond Relat. Mater. 8, 1615
(1999).

18. S. H. Connell et al., Diamond Relat. Mater. 7, 1714
(1998).

19. R. Samlenski, C. Haug, R. Delto, C. Wild, R. Brenn,
Nucl. Instrum. Methods B190, 324 (2002).
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Probing Electronic Transitions in
Individual Carbon Nanotubes

by Rayleigh Scattering
Matthew Y. Sfeir,1* Feng Wang,2* Limin Huang,3

Chia-Chin Chuang,4 J. Hone,4 Stephen P. O’Brien,3

Tony F. Heinz,2. Louis E. Brus1.

Rayleigh scattering spectra were obtained from individual single-walled
carbon nanotubes with the use of a laser-generated visible and near-infrared
supercontinuum. This diagnostic method is noninvasive and general for
nanoscale objects. The approach permits clear identification of excited states
in arbitrary metallic and semiconducting nanotubes. We analyzed spectral
lineshapes in relation to the role of excitonic effects and correlated the results
with Raman scattering data on individual tubes. The nanotube structure re-
mained the same over distances of tens of micrometers. Small nanotube
bundles retained distinct Rayleigh spectroscopic signatures of their compo-
nent nanotubes, thus allowing the probing of nanotube-nanotube interactions.

Single-walled carbon nanotubes (SWNTs)

comprise a family of more than 200 struc-

tures characterized by different chiral angles

and diameters, each having a distinct elec-

tronic structure that can be either metallic or

semiconducting (1). This richness and diver-

sity, which makes carbon nanotubes so

promising for various applications (2–4),

poses a substantial challenge in characteriza-

tion of specific SWNTs. A general optical

characterization technique that permits nonin-

vasive measurements of the electronic struc-

ture of an arbitrary individual nanotube has

been lacking. Among existing techniques,

vibrational spectra of individual SWNTs

have been obtained from resonance Raman

scattering (5–7). Although Raman excitation

spectra provide some information on the

electronic transitions, the requirement of tun-

able excitation and the weakness of the

Raman signal make these experiments ex-

tremely challenging (8). Recent observations

of nanotube fluorescence, and the corre-

sponding excitation spectra, have furthered

the characterization of SWNTs (9–11). How-

ever, this approach is inherently limited to

semiconducting nanotubes and its application

is currently restricted to small-diameter tubes.

We use Rayleigh scattering spectroscopy

to identify the electronic transitions of both

metallic and semiconducting individual nano-

tubes. Rayleigh scattering—the ubiquitous

process of elastic light scattering from a small,

polarizable object—provides spectroscopic in-

formation about the system through the scat-

tering resonant enhancement when the photon

energy matches that of an electronic transition.

Rayleigh scattering occurs whether or not the

sample luminesces, and it is intrinsically

stronger than inelastic Raman scattering be-

cause it does not require the incident light to

couple to the vibrations of the system. As such,

the approach should be broadly applicable for

probing an arbitrary nanoscale object. When

implemented with a bright white-light source,

the technique offers sufficient versatility and

speed to probe spatially localized regions along

an individual nanotube, as well as tube-tube

interactions in bundles. The method can be

easily combined with other types of single-

nanotube measurements.

Rayleigh scattering is normally not con-

sidered for nanoscale objects because of the

expectation that signals will be extremely

weak. However, we report that Rayleigh

scattering spectra from individual SWNTs

can be obtained with high signal-to-noise

ratio in less than 1 min with a white-light

source of laser brightness. The white-light
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