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In-situ gas phase cleaning of the Ge(100) surface was studied at the atomic level using scanning tunneling mi-
croscopy (STM) and scanning tunneling spectroscopy (STS) while chemical analysis of the surface was performed
using X-ray photoelectron spectroscopy (XPS). High purity H,0,(g) dosing removed carbon contamination from
an air exposed Ge(100) sample. The oxide formed via H,0,(g) dosing was subsequently removed via either
atomic hydrogen exposure at 300 °C or 550-700 °C annealing. STM imaging showed an air exposed Ge(100) sur-
face after H,0,(g) dosing and 600-700 °C annealing produced a flat and ordered surface while STS verified the
density of states (DOS) is equal to that of a Ge(100) surface which has been cleaned via sputter (500 °C) and an-
nealing (700 °C). Combining H,0,(g) with atomic hydrogen dosing or annealing removed carbon via oxidation
and oxygen via thermal desorption or reduction from an air exposed Ge(100) surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Germanium has drawn significant interest as an alternative material
for use in electronic devices as a replacement of conventional silicon
based devices due to its high electron and hole mobilities. In order to
effectively employ germanium as a replacement for silicon, a non-
disruptive cleaning mechanism is needed which leaves the surface atom-
ically flat and defect-free allowing for nucleation in each surface unit cell
for gate oxide growth and contact deposition. Many defects that persist
on the Ge surface are carbon based. It is well known that carbon contam-
inants are difficult to remove from a Ge surface and can pin surface steps
between terraces on a Ge(100) surface [1,2]. During device fabrication or
material deposition, carbon based contaminants can block or act as nucle-
ation sites, change the order of a reaction during growth, or erroneously
appear as growth features. For example, any persisting un-reactive defect
sites on the Ge surface can increase the required gate oxide thickness
needed to maintain low leakage. Therefore, a non-disruptive (i.e. without
ion bombardment) method is needed to effectively clean the entire
Ge(100) surface.

There are many different methods for preparing a clean and well-
ordered Ge(100) surface in ultra-high vacuum (UHV). Most commonly,
cyclic sputtering and annealing are used to clean the surface [3-5]. This
is usually done with 400-1000 eV Ar + or Ne + at normal to 45°
incidence. The final step is high temperature annealing (550-800 °C)
in attempt to eliminate damage caused by sputtering. However, either

* Corresponding author.
E-mail address: akummel@ucsd.edu (A.C. Kummel).

http://dx.doi.org/10.1016/j.susc.2014.08.015
0039-6028/© 2014 Elsevier B.V. All rights reserved.

very long duration anneals or very high temperatures are needed to
achieve a flat highly ordered surface and to drive any sputter embedded
ions out of the surface [6-13].

Alternatively, wet chemical etching followed by formation of a sacri-
ficial oxide passivation layer which desorbs in vacuum at elevated tem-
peratures can be used to form a clean Ge surface. This process results in
varying contamination levels and surface roughness depending on the
cleaning and passivation methods [1,2,5,14-17]. A Ge buffer layer is
sometimes grown after oxide desorption to increase sample cleanliness
and order while minimizing roughness [5,17-19].

Purely in-situ chemical cleaning methods followed by high temper-
ature anneals have also been studied to remove carbon contamination
from surfaces [20,21]. Both ozone and oxygen plasmas have been
shown to successfully reduce carbon contamination; however, even
after this treatment, the Ge surface may still have carbon based protru-
sions [5].

The goal of this study is to develop an understanding of the surface
chemistry for a completely in-situ and low temperature non-
disruptive method which completely removes all contaminants from
an air exposed Ge(100) surface. First, high purity H>0,(g) is shown to
completely remove carbon contamination from an air exposed Ge
surface consistent with formation of volatile carbon oxides and non-
volatile germanium oxides. Second, after H,0,(g) dosing to remove
carbon, atomic hydrogen dosing at 300 °C was shown to remove the
germanium oxide formed during H,0,(g) cleaning by chemical reduc-
tion. Alternatively, H,O,(g) treatment followed by a high temperature
anneal leaves a flat, ordered, and contaminant-free surface consistent
with thermal desorption of germanium oxides. The cleanliness and
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ordering of the surface were verified using in-situ X-ray photoelectron
spectroscopy (XPS), scanning tunneling microscopy (STM), and scan-
ning tunneling spectroscopy (STS).

2. Experimental details

Sb-doped n-type Ge(100) wafers (0.005-0.020 Qcm, Wafer World
Inc.) were diced into 12 mm x 4.5 mm pieces and degreased via
ultrasonication with acetone, methanol, and deionized water then
dried with N, gas. The Ge samples were quickly (<10 min) introduced
into the UHV chamber with a base pressure of 2 x 10~ '° Torr and
degassed via a pyrolytic boron nitride (PBN) heater at 400 °C. After
sample loading into the UHV chamber, all sample dosing, processing,
and analyzing were carried out in-situ without breaking vacuum. The
samples were subsequently transferred into a separate “dosing” cham-
ber with a base pressure of 2 x 10~8 Torr in order to clean the Ge sur-
faces. The reaction pressures were measured using a convectron
gauge, and the exposure was estimated in Langmuirs (1 Langmuir
(Ly=1x10"%Torr - 15).

After loading the Ge(100) samples into the “dosing” chamber, the
samples were exposed to high purity H,0,(g) while the sample temper-
ature was maintained at 300 °C via resistive heating with a PBN heater.
The high purity H,0,(g) source is built by RASIRC® and is maintained at
40 °C. The H,0,(g) source uses 30% H,0,(aq) solution and greatly re-
duces any contamination in the H,0,(g) delivery (i.e. contamination
from adsorbed gases in the liquid). Glass and Teflon tubing were
employed in order to minimize H,0,(g) decomposition on the tubing
or stainless steel dosing chamber. The reported doses of H,0,(g) in
Langmuir are presented assuming a 0% dissociation rate of HyO,(g).

After high purity H,0,(g) dosing, the samples were given one of two
treatments to remove the oxide formed during H,0,(g) dosing. The
samples were either dosed with atomic hydrogen at modest tempera-
tures, 300 °C, to chemically reduce the oxide, or annealed at high tem-
perature, up to 700 °C, to desorb the oxide. For oxide removal via
atomic hydrogen plasma, the samples were transferred into the “dos-
ing” chamber and exposed to an atomic hydrogen plasma while the
sample temperature was maintained at 300 °C. The atomic hydrogen
plasma was generated in an Opthos McCarroll cavity using a microwave
generator (Sairem Model GMP 03 K/SM). Inside of the McCarroll cavity,
the plasma was generated in either a quartz (see supplemental mate-
rials) or sapphire discharge tube with a power of 30 W. The pressure
during dosing of atomic hydrogen was ~300 mTorr and the dosing gas
was composed of 5% H,(g) and 95% Ar(g). The atomic H doses reported
assume 100% dissociation and, therefore, only represent an upper limit.
For oxide desorption via heating, samples were heated via direct
heating in the UHV chamber using a controlled heating ramp rate of
1 °C/s while the sample temperature was monitored by a pyrometer.
GeO is known to desorb from the Ge(100) surface starting around
400 °C for submonolayer coverage while GeO, will decompose into
GeO and desorb between 550 and 600 °C [22-24].

In-situ analysis of the sample surface was conducted after each
surface treatment. A monochromatic XPS (XM 1000 MKII/SPHERA,
Omicron Nanotechnology) was employed to examine the surface
elements and their relative intensities. The XPS data was acquired in
constant analyzer energy mode with a pass energy of 50 eV and a step
size of 0.1 eV using an Al Ka source (1486.7 eV). XPS spectra were col-
lected with a takeoff angle of 30° from the sample surface (i.e. close to
the surface parallel) with an acceptance angle of + 7°. Analysis of the
spectra was performed using CASA XPS v.2.3 using a Shirley background
subtraction method. The relative XPS elemental intensities were quanti-
fied by calculating the peak area divided by the XPS relative sensitivity
factor. The elemental ratios reported display the best fit of the data
while the reported errors bars represent the largest deviations of
potential fits of the spectra. The topographical analysis of the sample
surfaces was performed using a STM (LT-STM, Omicron Nanotechnolo-
gy). All STM and STS data were obtained at room temperature (RT) in a

UHV chamber with a base pressure of 1 x 10~ ! Torr. The STM was op-
erated in constant-current mode (I, = 0.2 nA) with an applied sample
bias of — 1.8 V. The electronic structure of the surfaces of the samples
was measured using STS operating in variable-z mode using a modula-
tion signal (0.1 V, 650 Hz) supplied by an external lock-in amplifier
while sweeping the sample bias from —1 to +1 V.

3. Results and discussion
3.1. Chemical analysis: XPS results

Fig. 1 shows the relative elemental ratios acquired via XPS of carbon
(black) and oxygen (red) contaminants normalized to the Ge signal on a
Ge(100) sample after several surface treatments. Column A shows the
ratios of contaminants to germanium of a Ge(100) sample after ex-
situ degreasing and subsequent air exposure during sample transfer
and loading into the chamber. The degreased Ge(100) sample (Fig. 1,
Column A) has a multilayer coverage of carbon and oxygen contaminant
on the surface due to hydrocarbon and water adsorption during air
exposure. After degassing the sample at 400 °C (Column B), all of the
oxygen and native oxide desorbed from the sample consistent with
the dominant ambient Ge oxide, formed during short air exposure
(<10 min), being a suboxide (see XPS chemical shift data below);
however, some remaining carbon contamination persists on the
surface. Column C shows the carbon and oxygen on the sample after a
subsequent 20 second exposure of high purity H,0,(g) at 300 mTorr
(6 x 10° L) while the sample temperature was maintained at 300 °C.
H,0,(g) reacts with carbon on the surface forming volatile carbon and
reaction by-products which readily desorbed at 300 °C reducing the
carbon signal in XPS while also forming a germanium oxide (Column
C) (see XPS chemical shift data below). Subsequently, heating the sam-
ple to 700 °C desorbed the oxide formed during H,0,(g) dosing elimi-
nating oxygen contamination on the surface while the carbon signal
does not change (Column D). The 20 second high purity H,0,(g) dose
at 300 mTorr (6 x 10° L) + 700 °C anneal was repeated (Column
E) and showed a decrease of carbon. To accelerate the carbon removal,
the H,0,(g) dose was increased. Column F shows a contaminant free
surface after an additional 80 second (2 min total or 3.6 x 107 L) of
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Fig. 1. XPS elemental ratios of carbon and oxygen on a Ge(100) surface during cleaning.
XPS showing carbon and oxygen reduction following dosing of high purity H,0,(g) and
700 °C annealing. Column A shows ratios on an as-loaded Ge(100) sample. Column B
shows ratios after 400 °C degassing. Column C shows ratios after a subsequent 20 s dose
of H,0,(g). Column D shows ratios after a subsequent 700 °C anneal. Column E shows ra-
tios after an additional 20 s dose of H,0,(g) and subsequent 700 °C anneal. Column F
shows a contaminant free surface after additional 80 s (2 min total) H,0,(g) dose and sub-
sequent 700 °C anneal. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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high purity H,0,(g) dosing (300 mTorr) at 300 °C followed by a 700 °C
anneal.

Fig. 2 shows the progression of the carbon signal in XPS after the
H,0,(g) + 700 °C anneal cleaning procedure. The air exposed sample
shows a carbon peak with a large feature with binding energy near
284.5 eV consistent with hydrocarbons or Ge—-C (orange peak) and
also a broad higher binding energy peak (blue) near 286.5 eV consistent
with C-0 bonding[25-27]. When the sample is degassed at 400 °C, the
carbon signal decreased consistent with C— O desorption (reduction in
higher binding energy blue peak) while the hydrocarbon/Ge - C feature
persists. After a 20 second dose of H,0,(g), the higher binding energy
feature (C— O bonding) is completely eliminated while the hydrocar-
bon/Ge - C feature (284.5 eV) is reduced. The subsequent 700 °C anneal
has no impact on the carbon signal. After a subsequent 20 second
H,0,(g) dose + 700 °C anneal, the carbon peak is further decreased.
A additional 80 s H,0,(g) dose (2 min total or 3.6 x 107 L) followed
by a 700 °C anneal shows a completely carbon free surface consistent
with removal of both hydrocarbons/Ge—C and C-0.

Fig. 3 shows the progression of the Ge 3d peak during the cleaning
process. The degreasing step ending with a water rinse completely dis-
solved the GeO, native oxide that formed during extended air exposure
[1]. The air exposed (<10 min air exposure) sample shows a Ge bulk
peak (green curve) near 29.5 eV and also a higher binding energy
peak near 31.7 eV consistent with a native oxide formed during short
air exposure being GeOy (X < 2) (red curve). It is known that GeO,
will slowly form on the clean Ge surface after long exposure times (on
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Fig. 2. XPS carbon 1s spectra during H,0,(g) dosing and annealing. Carbon 1s spectra dur-
ing cleaning procedure involving H,0,(g) dosing and 700 °C annealing corresponding
with procedure outlined in Fig. 1. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)
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Fig. 3. XPS Ge 3d spectra during H,0,(g) dosing and annealing. Ge 3d spectra during the
cleaning procedure involving H,0,(g) dosing and 700 °C annealing corresponding with
procedure outlined in Figs. 1 & 2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the order of hours to days) [28,29]. In addition, the binding energy of
GeO, is at 32.8-33.2 eV verifying that the majority of the native oxide
formed during air exposure during transfer from degreasing to UHV
chamber is suboxide [28,30,31]. After degassing the sample at 400 °C,
the GeOy (x < 2) feature is completely eliminated and the XPS spectrum
shows only a Ge bulk feature. Note that this bulk-like peak does not
show the Ge-C feature because the carbon contamination level is
below the signal to noise ratio of this spectrum. After 20 s of
H,0,(g) dosing to remove carbon from the surface, the high binding en-
ergy feature (ranging from 30.6 to 33.2 eV) returns. This higher binding
energy feature is fit with one broad peak which encapsulates the variety of
different binding energies (germanium oxidation states) due to many po-
tential bonding configurations after H0,(g) dosing (Ge — OH, GeO, Ge,0s5,
Ge0,); therefore, it is referred to as GeOHy (x < 2,0 <y < 1) (red curve)
[32]. A700 °C anneal completely desorbs the GeOxHy feature leaving only a
bulk Ge feature. Subsequent H,0,(g) dosing and annealing further decrease
the carbon contamination on the surface as seen in Figs. 1 & 2 while the Ge
3d spectra only show a bulk Ge feature after each 700 °C anneal.

In order to reduce the thermal budget required for obtaining a con-
taminant free Ge(100) surface, a chemical reduction was investigated
which removes oxygen from the surface at a lower temperature. Fig. 4
shows the XPS contaminant:Ge ratios of the H,0,(g) dosed Ge(100)
surface followed by atomic H dosing. As noted in the supplemental
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Fig. 4. XPS elemental ratio of oxygen and carbon during H,0,(g) and subsequent atomic
hydrogen dosing (sapphire discharge tube). XPS showing oxygen on the Ge(100) surface
after 2 min of H,0,(g) cleaning followed by increasing exposure to atomic hydrogen gen-
erated in a sapphire discharge tube. Atomic hydrogen reduces oxygen contamination
down to <2% on the Ge(100) surface.

materials, a sapphire tube rather than a quartz tube is required for low
oxygen contamination because atomic hydrogen generation inside a
quartz tube results in etching of the quartz and oxygen deposition
onto the sample. Fig. 4 shows the amount of oxygen and carbon on
the Ge(100) surface after a 2 min exposure to high purity
H,0,(g) (300 mTorr, 300 °C, 3.6 x 107 L). As previously shown, a
2 min H,0,(g) dose was able to completely strip all carbon contami-
nants from an air exposed Ge(100) surface (Fig. 1 Column F) and the
carbon contamination level during the entire atomic H dosing proce-
dure remained consistently below 3%. This carbon contamination is at-
tributed to background oil vapor from a mechanical pump. The
Ge(100) sample was subsequently dosed with atomic H for increasing
exposure times while the sample temperature was maintained at
300 °C. Fig. 4 shows a ~2.8:1 O:Ge ratio after a 2 min high purity
H,0,(g) dose. Exposure estimates for atomic hydrogen dosing are pre-
sented assuming a 100% dissociation of the 5% H,(g) in the gas mixture.
After a 5 minute exposure to 300 mTorr of the gas mixture (9 x 10° L of
atomic hydrogen), the O:Ge ratio was decreased by a factor of 4. Increas-
ing the exposure time of atomic hydrogen to 10 min (1.8 x 107 L),
30 min (5.4 x 107 L), or 40 min (7.2 x 107 L) demonstrates the ability
to remove oxygen contaminants down to <2% compared to the Ge sig-
nal. In contrast to the plasma generated in the quartz discharge tube
(see supplemental material), the plasma from the sapphire discharge
tube minimizes the oxygen contamination on the Ge(100) surface.

Fig. 5 shows the progression of the Ge 2p peak after the 2 min
H,0,(g) dose and subsequent atomic hydrogen dosing. The Ge 2p
peak after a 2 min H,0,(g) dose (300 mTorr, 300 °C, 3.6 x 107 L)
has a dominant oxide feature (red curve) between 1219 and 1222 eV
consistent with a variety of potential bonding configurations
including Ge — OH, GeO, Ge,03, and GeO,. After 5 min of atomic H dosing
(9 x 10°L, 300 °C, 300 mTorr), the oxide peak is reduced while the ger-
manium bulk signal (green curve) increases. After 10 min of atomic H
dosing (1.8 x 107 L, 300 °C, 300 mTorr), the oxide feature decreases
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Fig. 5. XPS Ge 2p spectra during H,0,(g) dosing followed by atomic hydrogen dosing. Ge
2p spectra during the cleaning procedure involving H,0,(g) dosing and subsequent atom-
ic hydrogen dosing corresponding with the procedure outlined in Fig. 4. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

while the bulk feature continues to increase. Also, the oxide feature
shifts to a slightly lower binding energy indicating a preferential reduc-
tion of the GeO, oxide. 30 min of atomic H dosing (5.4 x 107 L, 300 °C,
300 mTorr) further decreases the oxide feature as it shifts to a lower
binding energy demonstrating significant reduction of oxygen off the
surface. After a total of 40 min of atomic H dosing (7.2 x 107 L, 300 °C,
300 mTorr) the higher binding energy feature (red curve) is almost
completely eliminated indicating successful removal of contaminants
off the Ge(100) surface.

3.2. Topographical and electronic analysis: STM & STS results

While H,0,(g) + atomic hydrogen dosing forms a contaminant free
surface, in order to form a well-ordered surface with low roughness,
higher annealing temperatures are required. In order to better analyze
the quality of the Ge(100) surface after contaminant removal, STM
and STS were implemented. STM requires long range order and long
range surface flatness to obtain atomically resolved images over large
regions due to the relative bluntness of the tip. Multiple STM studies
were performed with lower temperature anneals and atomic order
could only be observed in small regions; long range order required a
>600 °C anneal.

Fig. 6 shows an STM image of a Ge(100) sample cleaned via
H,0,(g) and subsequently annealed at 700 °C for 5 min (Fig. 6A) or
600 °C for 1 h (Fig. 6C). The topography is compared to a sputter and
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Fig. 6. STM of a Ge(100) surface cleaned via H,0,(g) dosing + annealing or sputtering and annealing (A) 40 x 40 nm? STM image of the Ge(100) surface after H,0,(g) dosing and 700 °C
annealing (5 min). A large amount of ordering is observed while a few Ge adatoms (blue arrows) sit atop some terraces. (B) 20 x 10 nm? inset of Ge(100) surface shown in (A) highlighting
ordering and (2 x 1) (yellow arrow) and c(4 x 2) (white arrow) reconstructions. (C) 20 x 10 nm? STM image of the Ge(100) surface after H,0,(g) dosing and 600 °C annealing (60 min).
(D) 20 x 10 nm? STM image of a Ge(100) cleaned via sputter and 700 °C annealing showing (2 x 1) (yellow arrow) and c(4 x 2). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

annealed Ge(100) surface (Fig. 6D). Longer duration anneals are required
to achieve increased surface ordering needed for STM and STS, especially
at lower temperatures. H,0,(g) dosing followed by 700 °C annealing pro-
duced a flat surface with a 0.17 nm RMS (root mean squared) roughness
over 100 x 100 nm. A typical Ge(100) sample that was thoroughly
sputtered and annealed has an average 0.13 nm RMS roughness over
100 x 100 nm. However, the sputter and annealing treatment requires re-
peated long duration (30 min) 700 °C anneals to eliminate damage
caused via ion bombardment. Long duration high temperature anneals
are not compatible with device fabrication and insufficient annealing
would result in high surface roughness which would lower electron and
hole mobilities. The H,0,(g) + <600 °C anneal cleaned surface shows
large amounts of atomic order with no large etch pits and a small percent-
age of Ge adatoms (<5% of the surface) sit on top of terraces (highlighted
by blue arrows). The carbon signal on these surfaces are below the
detection level of XPS and the characteristic (2 x 1) (yellow arrow) and
c(4 x 2) (white arrow) reconstructions seen on the sputtered/annealed
Ge(100) surface are also seen in the H,0,(g) dosed + >600 °C anneal
cleaned surfaces (in Fig. 4b & ). The adatoms on the 700 °C annealed sur-
face and larger RMS roughness compared to a sputtered/annealed sample
are most likely caused by insufficient annealing.

Line trace analysis (Fig. 7A) taken at 5 different locations (each line
trace offset by 100 nm) on the chemically cleaned surface (Fig. 6A)
shows periodic row spacing of 7.9 A with a standard error of .1 A which
is nearly identical to the row spacing on the ideal clean Ge(100) surface
(8 A) [33]. STS verifies that the electronic structure (density of states) of
the surface after this cleaning procedure is equivalent to that produced
using sputter and annealing as seen by the strong agreement of the
bandgaps of the orange and blue STS curves in Fig. 7B. The difference in
signal strength in the negative sample bias is only an artifact of normali-
zation. The alignment of the band gap and Fermi level position agreement
is more indicative of agreement in the surface density of states. The data is
consistent with the 600-700 °C anneal being required to restore surface
order since the GeOy desorbs at >400 °C leaving a slightly rougher surface.

4. Conclusion

Air exposed Ge(100) samples were cleaned of surface contaminants
using high purity H,0,(g) followed by either atomic hydrogen dosing at
300 °C or a high temperature anneal (550 °C-700 °C). High purity
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Fig. 7. Line trace analysis and STS of the chemically cleaned Ge(100) surface. (A) Line trace
analysis acquired at five different locations on the chemically cleaned Ge(100) surface
(Fig. 6A) showing periodic row spacing of 7.9 A with a standard error of .1 A. (B) STS ac-
quired on the chemically cleaned Ge(100) surface compared to a sputter/anneal cleaned
Ge(100) surface showing identical DOS.
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H,0,(g) dosed on an air exposed surface at 300 °C reacted with carbo-
naceous species on the surface forming volatile compounds. The
H,0,(g) dosing removed all the carbon contamination on the Ge(100)
surface while also forming a GeOxH,, layer. The oxide formed during
H,0,(g) dosing can be removed via reduction by one of two methods:
annealing or atomic H dosing. Atomic hydrogen dosing reduced the
germanium oxide layer forming volatile by-products at 300 °C thereby
removing oxygen from the surface. While H,0,(g) + atomic H dosing
is successful at removing all contaminants from the Ge(100) surface,
STM verifies that a 600-700 °C anneal leaves a flat and ordered
Ge(100) surface. STS verified that the high temperature annealed sur-
face has a density of states on the surface equivalent to that of a sample
cleaned via sputter and annealing.
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