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ABSTRACT 
We have used the ion spectroscopic techniques of direct recoil spectroscopy (DRS) and 

mass spectroscopy of recoiled ions (MSRI) to demonstrate that low energy reactive ion 

sputtering of Ge is capable of removing surface impurities such as carbon. The experiments 
were performed in a vacuum chamber maintained at 3.5 x 10-7 Torr. At these pressures, physical 
sputtering using noble gas is not effective for cleaning Ge surfaces as carbon re-deposits onto the 
surface. In this paper. we demonstrate that reactive sputtering of Ge using 4.0 keV nitrogen at a 

Gc surface temperature of - 740 K and above removes surface carbon and deposits nitrogen on 
the Ge surface. Heating the nitrogen exposed Ge surface to above - 880 K results in the 
desorption of nitrogen and generates an atomically clean Ge surface, under poor vacuum 
conditions. 
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I. INTRODUCTION 
Germanium has been proposed as a material for metal oxide semiconductor (MOS) 

applications since the mobility of holes in germanium is greater than the hole mobility in most 

other semiconductors [ 1-41. Additionally, the hole and electron mobilities are much less 

disparate than in other semiconductors, particulary at low temperatures. For example, at 77 K 
the electron and hole mobilities in lightly doped germanium samples exceed 20,000 cm N s [2- 

41. Previous studies of germaniudinsulator systems involved the use of native insulators such 
as GeO? [2-51. Although Ge02 can form an interface with germanium that exhibits good 

electrical properties, it is water soluble [4,5]. The absorption of water from the air results in the 
degradation of the interfacial electrical properties, making Ge02 undesirable from a device 

processing standpoint. It has been demonstrated that the nitridation of the Ge surface produces a 
germaniudinsulator system that exhibits good electrical properties and is not water soluble 
[2.5,6]. Others have used molecules such as NH3 [6-111, N2H4 [6], HN3 [6], N0[9, 12-15], and 

N20 [ 14, 16, 171 for the nitridation of Ge. Unfortunately, these molecules decompose to 

produce a mixed surface phase consisting of N and H [6-111 or 0 [9, 12-17] depending on the 
molecule used. 
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Others have demonstrated that both hydrogen and oxygen are easily removed from the Ge 
surface by heating to - 780 K [6,8,14, 15,17-221. It has also been demonstrated that physical 
(noble gas) sputtering under ultra-high vacuum (UHV) conditions is needed to remove surface 
carbon C7.9- 1 1,14,15,17, 19, 2 1-24]. Physical sputtering at pressures greater than -1 0" Torr 

results in carbon redeposition onto the Ge surface; as a result physical sputtering can not be used 

to generate a clean surface under typical surface processing and film growth conditions. We are 
currently using low energy nitrogen sputtering to study the nitridation of Ge without the co- 
deposition of other species. During our initial studies, we have observed that reactive ion 
sputtering of Ge surfaces. using 4.0 keV nitrogen at a temperature of -740 K or greater. 
efficiently removes surface carbon and deposits nitrogen onto the Ge surface -- even under poor 
vacuum conditions. Heating the nitrogen exposed Ge surface to above 880 K results in the 
removal of surface nitrogen and generates an atomically clean Ge surface. 

11. EXPERIMENTAL 
In direct recoil spectroscopy (DRS), a pulsed ion beam with a few keV of energy strikes 

the surface at a glancing angle [25,26]. Surface atoms are ejected in the forward scattering 
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direction and the time-of-flight (TOF) of the scattered particles (ions and/or neutrals) is measured 

[25,26]. For an ideal binary collision, each mass has a unique energy dictated by the scattering 
angle. the mass of the primary beam, and the energy of the primary beam [25.26]. In reality, the 

collisions are not ideal and as a result, each mass has an energy distribution which broadens the 

DRS features and degrades the resolution. The ionic fraction of the recoiled particles can be 
time-refocused using an analyzer which forces all ions of a given mass to arrive at the detector 

simultaneously -- regardless of their energy [25-271. The use of a time-refocusing analyzer 
drastically improves the resolution of the recoiled ions and is referred to as mass spectroscopy of 
recoiled ions (MSRI) [25,26]. 

The experiments reported below were performed in the ion pumped UHV chamber shown 

in Figure 1 .  The chamber was intentionally maintained at a pressure of 3.5 x 10-7 Torr; the main 
gas phase constituents were water and hydrocarbon species. A 10 keV pulsed potassium ion 
beam, with a pulsed current of -1 nA (corresponding to a beam dose of -lo9 Kf/cm2 s), was 

used for the experiments reported here. Two MSRI analyzers, a Poschenreider sector analyzer 
[28], and a floating reflectron analyzer (described in detail elseLvhere [27. 391). were positioned 
at forward scattering angles of 35 degrees and 74 degrees respcctively on the chamber (see 
Figure 1) .  Two linear time of flight detectors were positioned at scattering angles of 15 degrees 

and 35 degrees for direct recoil spectroscopy (DRS) [30-321 measurcnients. The 15 degree DRS 

sampled both the ionic and neutral species, while the 35 dcgrce DRS sampled only the neutral 
spccics (the ion fraction was diverted into the Poschcnreidcr sector analyzer). DRS has recently 
been uscd to study Si/Ge growth mechanisms [33.34]. An Ionwerks time to digital converter 
(Modcl TDCs4) with a digitizing resolution of 0.8 nsec was uscd to collect data into all four 

channcls simultaneously during a single espcrinient. For all of the nicasurcments reported in this 
papcr. data acquisition times of 15 minutes were used (unless noted otlierxvisc) and the Y axis 
intensity corresponds to the total integrated counts (during the 15 min. scan). Successive spectra 
are offset on the Y axis for clarity. 

Rcacti\.e ion sputtering was performed using a SPECS (Model IQE- 12/38) sputter ion 
gun operating at 4.0 keV. Reactive ion sputtering produces a mixture of N'. N,- and PI3+: we did 

not characterize the composition of the beam. Nitrogen exposures u ere calculated using the 
sputtering time and the current measured in a 390 prn diameter faraday cup which could be 

translated into the position of the sample. 



Experiments were performed using three different Ge samples. The sample used for most 

of the experiments reported here did not have any metal contaminants. One Ge sample was 
contaminated with Na, AI, Cr, and Fe (see Figure 8), while another was contaminated with Ti 
(data not shown) - similar results were obtained for each of the three samples indicating that 

reactive ion sputtering may be useful for the cleaning of Na, Al, Cr, Fe and/or Ti samples as well. 

The sample temperatures were measured using an optical pyrometer which was corrected for the 

emissivity of Ge and the chamber window. The repeatability of the measurements provides an 
uncertainty of +/- I5 K in the temperatures reported here. 

1II.RESULTS 
Figure 2 shows MSRI spectra obtained as a function of heating temperature. Heating to 

-740 K reduces the H, C, and 0 yields. Heating to 880 K depleted the H and 0; the thermal 
stability of H and 0 measured here agrees well with the thermal stability measured by others 
[6.8.14,15,17,18-22,35371. A significant amount of carbon remained on the Ge surface 
following heating to 880 K, a result previously reported by others [7,9-11,14,15,17,19,2 1-24]. 
The increased noise level for spectrum C (880 K heating) is an artifact induced by the sample 
heating configuration used in this work. Despite the increased noise level in spectrum (C) of 
Figure 2. it is clear that a large amount of carbon remains on the Ge surface following heating to 

880 K. 
The Ge sample was then cooled to 740 K and the MSRI spectral intensities were 

monitored until they reached steady state values. Next, the vacuum chamber was backfilled with 
molecular nitrogen (P-7.0 x IO-’ Torr Nz). Spectrum (A) of Figure 3 shows a MSRI spectrum 
obtained under steady state conditions in the molecular nitrogen environment, both hydrogen and 
carbon are present on the Ge surface. Spectra B to D of Figure 3 show representative MSRI 
spectra obtained as a function of 4.0 keV N exposure at 740 K. The changes in H (open circle - 
solid line). C (open triangle - dashed line), and N (filled inverted triangle - dotted line) MSRI 
yield for each N exposure measured are plotted in Figure 4. The data of Figures 3 and 4 show 
that as the N exposure increases, the surface concentration of both H and C decrease. 

The small H and C intensities observed following a N exposure of 24.5 x lo i5  cm-* in 

Figures 3 and 4 are not observed if the above experiment is repeated using 1 .O minute spectral 
acquisition times (instead of the 15 minute spectral acquisition time used here). These results 
indicate that the small H and C signals result from the adsorption of hydrocarbon species onto 

-- . 
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the Ge surface . In order to prove this point, the Ge sample was maintained at 740 K in 

molecular nitrogen for extended time periods following a N exposure of 24.5 x 10” cm-’. The 
changes in the H (open circles - solid line), C (open triangle - dashed line), and N (filled inverted 

triangle - dotted line) MSRI intensities as a function of time are presented in Figure 5. For these 

experiments, a data acquisition time of 1 .O minute was used. Figure 5 illustrates that as the Ge 
surface is maintained at 740 K in molecular nitrogen. the H and C intensities increase at a similar 

rate - indicating that hydrocarbon species are adsorbing onto the Ge surface. It is noted that the 
nitrogen concentration tracks with the carbon concentration, we will return to this observation in 

section IV. 
The small amount of H, C, and N on the Ge surface following a N exposure of 24.5 x 10” 

cni-’ at 740 K (Figures 3 and 4), or residing in molecular nitrogen for extended time periods 
following the termination of N sputtering at 740 K (Figure 5 ) ,  could be removed by heating the 
Ge sample to 880 K. as shown in spectrum A of Figure 6. Spectrum B of Figure 6 shows that H, 
C. and N are not detected on the Ge sample after cooling to 800 K. Spectrum C of Figure 6 
shows that both H and C are detected on the Ge sample following cooling to 760 K. Both the N 
and C could be removed by re-heating to 880 K. I t  is of importance to note that nitrogen is not 
detected in Spectrum C of Figure 6. We shall return to this point in  section IV 

.-. 1 he 4.0 keV nitrogen sputtering experiments were repeated at a Ge surface tempcraturc 01’ 

8 10 E;. and the results are plotted in Figure 7. At 8 10 K, no I 1  or 0 is detected on the Ge surfacc 
prior to N ion bombardment, in accord with the thermal stability of11 and 0 reported in the 
literature [G.S. 14,15,17,18-22,35371. Comparing the data of Figure 4 (740 K) and Figure 7 (8 10 

K) illustrates that the rate of C removal is enhanced at higher temperatures. At 8 10 K, all of the 
carbon is removed from the Ge surface following a N exposure of 1.6 s 10’” cm-’ (background 

hydrocarbon species do not re-adsorb) - only N is detected on the Ge surface. Heating the 
nitrogen csposed Ge surface to 880 K depletes the surface nitrogen rind produces an atomically 
clean Ge surface. The thermal stability ofnitrogen on Ge reported here is in agreement with thc 

results obtained in other laboratories [6,9.14.15]. The clean Ge surface could be maintained at 

temperatures of S 10 K to 900 K without additional nitrogen bombardment. 

IV. DISCUSSION 

The MSRI spectra shown in Figure 2 illustrate that heating to SS0 K is not able to 
remove carbon from the Ge surface. Physical (noble gas) sputtering under ultra-high vacuum 
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conditions has been used by others to remove the surface carbon [7,9-11,14,15,17,19,2 1-24]. 
Physical sputtering in a carbon rich environment (-lo-* Torr) results in carbon redeposition onto 

the surface, and hence physical sputtering can not be used to generate clean surfaces under - _  

conditions used in many surface processing and film growth systems. In this work, we have 

shown that reactive ion sputtering (using 4.0 keV N) is able to remove surface carbon from Ge at 
a surface temperature of 740 K or greater. The reactive ion sputtering deposits nitrogen onto and 
below the Ge surface. Heating to -880 K removes the nitrogen, and generates an atomically 
clean Ge surface. The ion spectroscopic techniques used in this study did not allow us to identify 

the carbon containing species leaving the Ge surface. We also did not investigate whether lower 

energy N sputtering is capable of removing surface C. Researchers elsewhere were informed of 
the results reported here and have demonstrated that low energy (- 10 eV) Nf ions generated via 

an electron cyclotron resonance (ECR) plasma also efficiently removes surface C from Ge 
surfaces at a temperature of - 700 K [38]. 

was large (i.e., at a N exposure of 0 cm-2 at 740 K [Figures 3 and 41 and 810 K [Figure 71). 

Following the removal of most of the carbon (Le., a N exposure of 5.88 x IO”cm-’ at 740 K 
[Figurcs 3 and 41 and a N exposure of -3xlO”cm-’ at 810 K [Figure 71) the nitrogen yield 
reachcd steady state values. The steady state nitrogen yields obtained at 740 K (Figure 4) and 
8 10 K (Figure 7) were essentially the same. indicating that the nitrogen concentration on Ge was 

temperature indepcndent. This is not surprising when one recalls that nitrogen is thermally stable 

on Ge up to -840 K [6.9,14,15]. Figure 5 shows the changes in the H, C, and N MSRI yields as 

a function of time following the last N exposure at 740 K. It is noted that the N yield tracked the 
C yield. Furthermore, when only a small amount of C was detected on the Ge sample follolving 
cooling to 760 K (Spectrum C of Figure 6) no nitrogen was detected. The data presented in 
Figures 4 to 7 illustrate that the large nitrogen yield correlates with the carbon yield and indicates 
that surface nitrogen is stabilized by carbon. 

Throughout this work, the nitrogen MSRI yield was the greatest when the carbon yield 

The MSRI spectra shown in Figures 2 and 3 illustrate that the Ge+2/Get’ ratio increases 

as the Gt: surface is cleaned. If the clean Ge surface is allowed to remain at temperatures below 
-780 Ii, the Ge surface slowly recontaminates with carbon and hydrogen and the Get2/Ge+’ ratio 

decreases (as shown in Figure 6). Since the MSRI ions are ejected from the surface with a large 
velocity [29], they are not very sensitive to charge neutralization with the surface. The MSRI 
data reported here shows that the MSRI ion yield changes by a small amount as the oxidation 
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state of the surface changes [39]. In comparison, the much lower velocity secondary ions 

detected using secondary ion mass spectroscopy (SIMS) are very susceptible to charge 
neutralization with the surface. In SIMS, the ion yield changes by orders of magnitude as the 
oxidation state of the sample changes [40-421. 

The experiments reported above were repeated using two additional Ge samples. One of 
these samples was contaminated with Na. Al, Cr, and Fe, while the other was contaminated with 
Ti. Figure 8 shows MSRI spectra (top panel), 35 degree neutral only DRS (middle panel), and 
15 degree ion plus neutral DRS (bottom panel) of a Ge sample contaminated with Na, AI. Cr, and 
Fe following: (A) heating to 780 K (top spectrum) and, (B) a N exposure of 5.0 x 10'' cm-2 at 780 
K. C and N are fully resolved in the MSRI spectra; however the degraded resolution of DRS 
(middle and lower panels) does not allow for the complete separation of carbon and nitrogen 

[spectra (A)]. As a result, the nitrogen signal is buried in the long time of flight tail of carbon -- 
complicating the positive identification of nitrogen. Upon depletion of most of the carbon. 
nitrogen is clearly observed in the DR spectra [spectra (B)]. Despite the degraded resolution of 

DRS (vs. MSRI), it is worth noting the total elemental yield (ions plus neutrals) can be measured 
using DRS. DRS can therefore be used to convert the simultaneously collcctcd MSRI (ion only) 
yield to true surface concentration - as discussed in detail elsewhere [26]. 

It  is of interest to note that Cr and Fe are detected in the MSRI and 35 degree DR spectra. 
however these species are not detected in the 15 degree DR spectra. At low angles, the surface 
spcciticity of DRS increases. These results indicate that the Cr and Fe arc subsurface. and hence 
are not detected in the 15 degree DRS data channel. Additional experiments (using ion scattering 
spectroscopy, a small spot XPS. and scanning AES) are underway i n  order to check thc 
hypothcsis that Cr and Fe are subsurface. 

The data presented in Figure S illustratcs that being able to simultaneously monitor 
multiplc data channels during a single experiment provides information that would not be 
possible if only one data channel was monitored. I t  is of importance to note that N ion 
bombardment was able to deplete carbon from the Ge sample contaminated with Na. AI. Cr. and 
Fe - as shown in Figure 8 This observation indicates that reactive N sputtering may be 3 useful 
method for cleaning other (e.g.. Na. Al. Cr. Fe. and Ti) surfaces. 

The 4.0 keV N ions used in the esperinients reported here penetrates into the Ge sample. 
Esperinients were not performed in order to determine the implantation depth of nitrogen. The 
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outward diffusion of subsurface nitrogen plays some role in the cleaning processes reported 

here. 

V. SUMMAEY AND CONCLUSIONS 
The use of physical sputtering to remove C is not feasible in a carbon rich environment as 

carbon from the background re-deposits onto the surface. We have used the ion spectroscopic 

techniques of DRS and MSRI to demonstrate that reactive ion sputtering of Ge, using 4.0 keV 

nitrogen, is capable of removing surface C in a carbon rich environment at temperatures of 740 K 
and above. Reactive N sputtering deposits N on (and under) the germanium surface; heating to 
880 K depletes the surface N and generates an atomically clean Ge surface. Similar results were 
obtained for the tlvee different Ge samples used in this work, despite the fact that metal 
contaminants were present on two of the Ge samples -- indicating that reactive N ion sputtering 
may be a useful method to clean other surfaces under poor vacuum conditions. 

Work supported by the U.S. Department of Energy, BES - Materials Sciences, under contract w- 

3 1 - 109-cng-38 and CRADA C9405001. 

FIGURE CAPTIONS 

Figure 1. Schematic of the vacuum chamber used in this work. The two MSRI analyzers and the 
two DRS detectors are illustrated. For clarity, only part of the alkali ion beam source 
is shown. 

Figure 2. MSRI spectra of Ge obtained using the 74 degree reflectron analyzer at: (A) 300 E(. 
(B) 740 K. and (C) S80 K. The higher noise level for spectrum (C) is an artifact due 

to the heater used in this work. This figure demonstrates that heating alone is not 
capable of removing C from the Ge surface. 

Figure 3. MSRI spectra of Ge obtained using the 74 degree reflectron analyzer following N 
exposure at 740 K: (A) 0.00 ern-*, (B) 5.88 x 1015 
(D)34.5 x 10 cm . 

(C) 13.2 x l O I 5  cme2. and 
15 -2 



Figure 4. Plot showing the changes in H (open circle - solid line), C (open triangle - dashed 

line), and N (filled inverted triangle - dotted line) as a function of 4.0 keV N exposure 
at 740 K. 

Figure 5. Plot showing the changes in H (open circle - solid line), C (open triangle - dashed 

line), and N (filled inverted triangle - dotted line) MSRI intensity as a function of time 
following the last N exposure (24.5 x IO’’ an-’) at 740 K (spectrum D of Figure 3). 

Figure 6 MSRI spectra obtained following heating of the N exposed Ge sample (Le, spectrum D 
of Figure 3) to: (A) 880 K, (B) 810 K, and (C)760 K. Heating to -880 K generates an 
atomically clean Ge sample; H and C redeposition commences upon cooling to -760 
K. 

Figure 7. Plot showing the MSRI intensities of H (open circle - solid line), C (open triangle - 
dashed line), and N (filled inverted triangle - dotted line) as a function of 4.0 keV N 
exposure at a Ge surface temperature of 8 I 0 K. 

Figure 8. MSRI spectra (top panel), 35 degree neutral only DRS. and 15 degree ion plus neutral 
DRS ofa  Ge sample contaminated with Na, Al. Cr, and FC. Spcctra were collccted 
following: (A) heating to 780 K, and (B) an N exposure of5.0 x 10” cm-’ at 780 K. 
The absence of Cr and Fe in the 15 degree DRS is attributed to the fact that these 

species are subsurface (see text for discussion). 
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Changes in MSRl Spectra as Ge is Cooled Following N Reactive ion Etching 
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Changes in MSRl Intensity During 4.0 keV N Exposure at 810 K 
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