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Abstract

We report carbon impurity ion incident angles and deposition rates, along with silicon erosion rates,
from measurements of micro-engineered trenches on asilicon surface exposed to L-mode deuterium
plasmas at the DIII-D divertor. Post exposure ex-situ analysis determined elemental maps and
concentrations, carbon deposition thicknesses, and erosion of silicon surfaces. Carbon deposition
profiles on the trench floor showed carbon ion shadowing that was consistent with ERO calculations
of average carbon ion angle distributions (IADs) for both polar and azimuthal angles. Measured
silicon net erosion rates negatively correlated with the deposited carbon concentration at different
locations. Differential erosion of surfaces on two different ion-downstream trench slope structures
suggested that carbon deposition rate is affected by the carbon ion incident angle and significantly
suppressed the surface erosion. The results suggest the C impurity ion incident angles, determined by
the IADs and surface morphology, strongly affect erosion rates as well as the main ion (D, T, He)
incident angles.

1. Introduction

Low-Z impurities, such as C and Be, can play an important role in the erosion of high-Z materials in tokamak
plasma devices. In H-mode operations with edge localized modes (ELMs), erosion in the divertor is
dominated by physical sputtering enhanced by impurities, e.g., C for DIII-D [1, 2] and ASDEX Upgrade [3],
and Be for JET [4, 5]. On the contrary, C deposition on plasma-facing component (PFC) surfaces reduces the
effective sputtering rate of Mo and W due to deposited C diluting the material surface in L-mode DIII-D
discharges [6]. Similar calculation results of W erosion suppression were reported for L-mode EAST
discharges when the C impurity concentration was higher than 1% [7, 8]. Hence, the characteristics of those
low-Z impurities such as deposition rate, concentration in the plasma, and incident angle and energy
comprise crucial information needed to understand the net erosion of PFCs. Modeling using the ERO 3D-
Monte Carlo code and simple equation-of-motion models showed that the sheath width is a critical parameter
controlling the incident ion trajectory of C [9] as well as D and He ions [ 10, 11]. Calculations have also shown
that the incident ion angles of C [9], Be, and N [12] impurities are more affected by the sheath than that of the
main D species.
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Figure 1. (a) Schematic of a trench indicating By directions, sloped walls, trench coordinates (x-y), and point locations (-1-4) used for
analysis. (b) Ga EDS map of trench T42 on S1B, with major radius R and toroidal field By directions indicated. The 1-2 ym wide dark
region on the floor seen at the bottom and right sides, just next to trench walls, arises because x-rays from that region are blocked by
the trench walls.

We have previously reported experimental measurements of the polar and azimuthal D ion angle
distributions (IADs) at the divertor surface in DIII-D using 30 x 30 x 2—4 um deep micro-trenches[11, 13].
These sample surfaces were exposed to L-mode D discharges using the Divertor Materials Evaluation System
(DIMES) facility [14] at DIII-D. Deposition patterns of C impurities on the trench floors resulting from D
incident ion shadowing effects from the trench walls were measured by energy-dispersive X-ray spectroscopy
(EDS) and compared with a net erosion calculated by the Monte Carlo micro-patterning and roughness (MPR)
code[15, 16]. The C EDS intensity profiles showed that trench floor erosion was maximized at the azimuthal
direction of ¢ = —40° (referenced to ¢ = 0° for the toroidal magnetic field) and polar angle of = 80°
(referenced to @ = 0° for the surface normal), in which the incident angle of the magnetic field onto the surface
was o = 88.5° (referenced to the surface normal). A schematic of the spherical coordinate system employed for
this article is shown in figure 1(b) of reference [10]. The MPR code reproduced the erosion pattern by using D
IADs, which have average values of ¢ = —40°and 6§ = 80°, calculated by an analytical equation-of-motion
model [10, 17]for the case k = 3and Ly;ps = k x p; (p;: the ion gyro radius), when the sheath potential was
analytically approximated by ¢ = ¢, exp(—2z/Lyps) (., the potential drop at the wall measured from the
entrance of the sheath, z: the distance from the surface).

In this paper we report on the accumulation of C impurities in D ion shadowed areas of the micro-trenches
and Si erosion at various locations on the Si disc DIMES samples. The micro-trench technique revealed the effect
of C redeposition on Si erosion from the sample, which benchmarks the previous DIMES experiments and ERO
calculations for Mo and W [6]. Carbon deposition profile and thickness in the D ion shadowing area on the
trench floor, C impurity concentrations at different locations, and erosion of the trenches were analyzed after
exposure to L-mode D discharges. Sputtering and deposition of materials were calculated by the MPR code,
which uses the experimentally verified polar and azimuthal D IADs and calculated average C IADs.

2. Experiment

A schematic drawing of the Si samples with trench locations was shown in a previous report (figure 1 of [13]).
Micro-trenches 30 pm x 30 pm X 2—4 pm deep were fabricated on the ‘downstream’ half of the Si sample
surface relative to the toroidal magnetic field, Br, direction by a focused ion beam (FIB) etching system that used
Gaions at 30 keV as described in a previous report [ 13]. FIB etching formed a Ga-implanted Si layer 28-nm
thick, which was calculated by SRIM [18] for the penetration range, i.e., peak concentration depths, of 30-keV
Gaions in Si, at the trench floor and wall surfaces. The layer will be used as a reference property of the original
trench surface so that morphology changes before and after plasma exposures can be analyzed. We use data from
the two samples reported in [11, 13] that were located at the center of the DIMES head and indicated as ‘S1’ in
[13]. Configurations of the samples and trenches used in this analysis are summarized in table 1. We refer to the
samples reported in [13] and [11] as ‘S1A’ and ‘S1B’, respectively. The trenches reported herein are denoted as
T31and T32 (3- pm deep) on S1A (figure 1 in [13]), and T41 and T42 (4-pm deep) on S1B. T42 is the trench T4
reported in [11] located at the same position as T32 (0.5 mm from the DIMES head boundary), and T41 and T31
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Table 1. Summary of C net deposition and Si net erosion for four trench configurations. Si erosion depth
was measured by AFM, and C concentrations at locations outside the trench were measured by EDS.

Trench T42 T32 T41 T31

Sample Disc S1B S1A S1B S1A

y Direction () 0° 45° 0° 45°

Depth [pm] 4 3 4 3

Distance from DIMES Head [mm] 0.5 0.5 2 2

Exposure Time [s] 10 30 10 30

CNet Deposition (30) [nm] 110 300 100 280

CNet Deposition Rate [nm s 11+3 10+ 1 10+ 3 93+ 1
10.5 (avg.) 9.7 (avg.)

SiNet Erosion (30) [nm] at position 4 38 100 53 170

SiNet Erosion Rate [nm s '] 38+ 3 33+ 1 53+ 3 57 +1
3.5 (avg.) 5.5 (avg.)

C Concentration [%] at position 4 54 4+ 0.1 54+ 0.2 4.1 +£0.2 49 + 0.3
5.4 (avg.) 4.5 (avg.)

SiNet Erosion (£30) [nm] at position 3 — — — 110

SiNet Erosion Rate [nm s '] — — — 37+1

C Concentration [%] at position 3 9+ 1.6 8.7 + 0.2 54+ 04 4.9 + 0.2
8.8 (avg.) 5.2 (avg.)

S Abeetal

arelocated in the inner trench array (2 mm from the DIMES head boundary). The main difference between
samples S1A and S1B is the trench orientation: the S1B trenches were rotated clockwise by 45° in the x-y plane
compared to the S1A trenches. Figure 1(a) shows a schematic of the Br directions, sloped walls on the ion
downstream sides, trench coordinates (x-y), and locations used for analysis. A geometrical profile measured by
atomic force microscopy (AFM) before exposure, and a scanning electron microscopy (SEM) image after
exposure, of a 3- pm deep trench on S1A are shown in figure 2 and 3 of [13], respectively. The slope structures on
the ion downstream sides are seen in both figures, and AFM measurements indicated the slope tilt was ~20°
from the horizontal plane. We identify those slope structures as the x-slope (marked as - 1) and y-slope (marked
as - 2)in figure 1(a).

The samples were exposed to steady-state L-mode D plasmas characterized by electron temperature
T. ~ 30 eV, electron density r, ~ 0.7 x 10> cm >, ion fluxI ~ 10'® cm™*s~ ' perpendicular to the divertor
surface, By = 2.0 T, and a Bincident angle « = 88.5°. Total exposure times were 30 s (L-mode shots: #179785-
87,179789-93) for S1A and 10 s (L-mode shots: #182505, 182506, and 182508) for S1B. The C impurity
concentration in the plasmas was estimated to be 1.2% for similar discharge parameters (‘S-D Case’ in [10]) by
an ERO calculation [19] and we assume a similar C ion concentration in the experiments considered herein.
UEDGE modeling of C*" ion fractions in a H-mode plasma in DIII-D showed C** and C** were the dominant
species, with fractions of C* and C** one order of magnitude smaller [19]. We examine the C* and C** species
to evaluate the effect of the Cion charge states on redeposition in section 4. We assign experimental errors for the
azimuthal and polar angles as +-3° and +1°, respectively, herein due to the experimental uncertainty in
mounting the sample in the DIMES head. Post-exposure ex-situ analysis was performed using SEM, EDS, and
AFM as described previously [13]. The electron energy for EDS was chosen to be 5.0 keV, at which the
penetration depth in Siis 200 nm [20]. EDS concentration analysis was performed three times by slightly shifting
the target position within a 1 pm distance at each location. Averaged values are used for each location, and
standard deviations are indicated by the error bars. 2D elemental deposition maps and 1D line profiles using the
EDS signals were generated by the same procedure as described previously [13].

3. Computational model

A Monte Carlo MPR code [15, 16, 21] was used to model physical sputtering and C impurity deposition due to D
and Cion bombardment on the trench Si surfaces or deposited Clayers. 3D geometries of the trenches were
mathematically reproduced (as shown in figure 2 of [ 13]) and used as input to the MPR code. We used the
azimuthal and polar D IADs for k = 3, which were verified experimentally with an uncertainty of +0.5[11], to
set up the flux of D ions. We employed a single ion direction, § = 60° and ¢ = —55°, taken from average C
(C*":x = 1-3) IADs calculated by ERO assuming k = 2.4 [9], to set up the C ion flux. Both energy and angular
dependencies of sputtering and reflection rate coefficients were the same as those in [13] for D ion projectiles.
We used sputtering and reflection rate coefficients from [22, 23] for C ion bombardment on C. The incident ion
energies, Eimpac, employed for calculations were 140 eV for DT and C*, and 300 eV for C*, by assuming
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Figure 2. C EDS intensity profiles (black) for T42 (solid) and T41 (dashed), and AFM geometrical profile (red) for the 4- pm deep T42
trenches. Distances labeled as Cpyxov and wp; are the expected C and D ion shadowing characteristic boundaries, respectively.

Eimpact ~ 3ZkT. + 2kT;and T, ~ T;[13,24]. Avalue of 140 eV for singly ionized species was employed rather
than 150 eV because of the availability of rate coefficients.

4, Results and discussion

4.1. Caccumulation on the trench floors

EDS intensity maps of samples S1A and S1B reveal deposition patterns of elements, including C, on the trench
floors and were reported in [13] and [11], respectively. Figure 2 shows a C intensity line profile from S1B
trenches measured by EDS along the x-direction (defined in figure 1) at y = 20 pm averaged over a 10 pm wide
band. The C intensity increases as a function of distance from the upstream wall and is maximized atx ~ 5 um.
This distance is consistent with the shadowing boundary of the averaged C IAD calculated by Guterl [9],

x = 5.5 pm (Cgyyoy in figure 2), and the C accumulation direction on C micro-spheres recently measured by
Bykov [25]. The Cintensity is fairly uniform in the range x ~ 5-7 pum, especially for T42. The decay after

X ~ 6=7 um (wp1 in figure 2) is due to sputtering by the D ions having shallower incident angle than Cions [13].
The same trend for the C peak location for the T32 and T31 trenches was seen in figure 6(a) of [13], where the C
EDS profiles had maximaatx ~ 5 pm, consistent with the average C ion shadowing boundary for those trenches
that was expected atx = 5 pm. The continuous C intensity profiles near the upstream wall (x = 0-5 pm) for
those four trenches indicate broad CIADs [9]. We note that there can also be impurity C ions promptly
redeposited [13] from the DIMES graphite head, and that C neutrals may be more uniformly deposited than
Cions.

The Ga EDS intensity map for T42 in figure 1(b) shows the presence of Ga everywhere in the trench except
for the x-slope region. This means that the implanted Ga layer (the original trench floor) was not completely
eroded away by the plasma exposure except for in the x-slope region. This is in contrast to the Ga EDS intensity
map for T31 shown in figure 5(b) of [ 13]. The Ga EDS intensity in [13] is visible in the area near x = 10 um from
the upstream wall and there is a darker region around the upstream wall and downstream region (upper half of
the EDS map). This indicates that deposited C covered the Ga-containing top layer in the D-ion shadowed
region, while D ions sputtered the Ga-containing layer away in the downstream area. The difference between the
Ga profiles for the T42 and T32 trenches arose because the Ga-rich layer on the entire floor of T42 survived the
short 10-s plasma exposure time, but the Ga-rich layer for the T32 case was partially eroded by the 30-s plasma
exposure. The area with well-pronounced Ga intensity can be used as a reference for the original Ga-rich trench
surface. AFM measurements shown in figure 2 found a geometrical profile change of the T42 trench floor after
plasma exposure. The profile shown was obtained by subtracting an AFM profile of the T42 trench before
exposure from an AFM profile of the same trench after exposure to reveal the morphology changes. The AFM
height of the area where Ga EDS intensity was high (x > 15 pm for T42) and C deposition was low (confirmed
by C EDS intensity), was set to a value of ‘zero’ to indicate the height of the original trench surface. The main
uncertainty in the height obtained by this method of calibration is from the thickness of the original Ga-rich
layer, ~30 nm. The AFM profile of the T42 trench was consistent with the C EDS profile, especially in the range
x > 7 pm. This indicates that the deposition on the trench floor consists mainly of C. The maximum height due
to C deposition measured within each trench is summarized in table 1. A height of ~100 nm was measured for
the S1B samples (T41 and T42), and ~300 nm was measured for the S1A samples (T31 and T32). The results are
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consistent with the ion fluence on each sample, since the S1B exposure time was about three times longer than
for S1A. The thickness of ~300 nm is also relevant to a deposited C layer of ~200 nm thickness that was
measured on a carbon-sphere [25] using the same plasmas and exposure time as for S1A. Thicker C deposition
layers were measured in our case because these Clayers were measured in the D ion-shadowed region, while the
Caccumulated on the micro-spheres was directly exposed to D ions, causing some re-erosion. The C deposition
rate measured by the trench technique was ~10 nm s~ perpendicular to the sample surface.

4.2. Frosion suppression by C impurity deposition

Measurements of the trench morphologies with AFM can determine the Si net erosion rate. The height of the
surface outside the trenches was measured relative to the Ga-rich layer on the trench floor before and after
plasma exposure. These height differences were used to determine the net Si erosion rate outside the trenches.
The results are summarized in table 1. The measured Si net erosion rates were 3.5 nm s~ for trenches T32 and
T42and 5.5 nm s~ for trenches T31 and T42. Interestingly, for both S1A and S1B, different erosion rates were
measured at different locations on the same sample. Table 1 also shows the C concentration (at%) outside the
trenches as measured by EDS. The C concentrations for T32 and T42 located nearer to the edge of the sample
discs and closer to the DIMES head were 5.5%, which is higher than the 4.5% for T31 and T41 located at the
middle of the sample discs. Such a C concentration gradient as a function of distance from the DIMES head
boundary is consistent with the analysis made previously [13]. Modelling by Ding et al [6] showed previously
that the net erosion of Mo was suppressed by 20%—50% when the surface C concentration increased by 20% in a
typical C impurity concentration range of 1%—2% in the background plasma. Such a correlation between C
concentration and Si erosion rate can also be seen in the experiment reported herein. SiC formation due to Cion
bombardment on the Si surface may also be a factor, since SDTrimSP [26] calculations give that SiC has an order
or magnitude smaller sputtering yield than amorphous Si:C for 150 eV D ions [27]. The Cion penetration ranges
for 150 eV and 300 eV at normal incidence calculated by SRIM [18] are 1.5 and 2.2 nm, respectively. Si net
erosion on the trench floor, in areas beyond the D ion shadowing limit, was also measured and is shown in

table 1. The measured Si net erosion for trenches T42, T32, and T41 was zero within the error bars. We see the
erosion rate for T31 is lower than the rate outside the trench. Those results suggest suppression of Si erosion
from the trench floor occurred because the C concentrations in these areas were 15%—60% higher than outside
the trench.

EDS analysis for the T42 and T41 trenches indicated that the Ga layer survived on one of the downstream
slopes, which was not shadowed from either C or D ions, as shown in figure 1(b). No Ga layers were seen on the
sloping sidewalls of T32 and T31, possibly due to the long exposure time. Figure 1(b) shows the Ga-implanted
layer on the x-slope of T42 was eroded away, but it survived on the y-slope of T42. Table 2 shows results from
MPR calculations of the sputtering rate of Si due to D ion bombardment at the different locations indicated in
figure 1, normalized to the sputtering rate outside the trench atlocation 4. The sputtering rate on the trench
slopes were calculated to be about eight times higher than outside the trench due to enhancement of the incident
ion flux [ions/s-m”] and the sputtering yield [atoms /ion] by steeper ion incident angles. Therefore, the erosion
of those slopes would be expected to be much larger than the Ga-implanted layer thickness.

This suggests some mechanism prevented Ga erosion at the y-slope (atlocation 2) of trenches T42 and T41.
Table 2 shows that the Ga concentration has a positive correlation with the redeposited C concentration after
exposure. C concentrations on the y-slopes are 20%-50% higher than on the x-slopes and outside surfaces for
each trench. MPR calculations for C ion bombardment on C layers were performed to understand this C
redeposition behavior. These calculations show that the ion flux is enhanced at both the x- and y-slopes due to
the steeper incident angles made by the slope geometry. If we multiply the ion flux by the effective deposition
yield, given by (1 - Ry) — Y,hys, where Ry is the reflection yield [atoms/ion] and Y,y is the sputtering yield
[atoms/ion], we obtain the effective deposition rate as a function of the incident angle, which is shown in table 2.
These calculations found that C deposition was larger on the y-slope by 40% for C* and 210% for C** incident
ions, relative to the x-slope. The ratio of the C concentrations on the y-slope and x-slope were measured to be
40%-50% in both T42 and T41. The negative deposition rate (i.e., net erosion rate) of C** indicates that
sputtering by C incident ions dominates C deposition on the flat surfaces (Locations 3 and 4). Hence, C
accumulation seen in the D ion-shadowed area may be mainly due to incident C* (or C**) ions. However,
because we do not have more detailed information about the Cion charge states and their background plasma
concentrations, quantitative analysis will be left to future studies using 3D Monte Carlo modeling codes such as
ERO or GITR[28, 29]. Nevertheless, these results qualitatively explain the significant suppression of net erosion
of trench y-slopes. This underscores the importance of understanding the balance between net erosion and
deposition of low-Z material, which is affected not only by the impurity fractions and their charge states
(energy), and also by the incident ion directions and surface morphology of the PFCs.
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Table 2. Summary of C and Ga concentrations at different locations measured by EDS, and sputtering yields and deposition rates calculated by MPR. More Ga (less erosion) was detected, and higher C deposition was calculated, on the y-
slope relative to the x-slope. The retention yield is defined as 1-Ry.

EDS (exp.) MPR (calc.) MPR (calc.)
T42 T42 T42,T41 T42,T41
Concentration [%] Concentration [%] D*(140 eV)—Si C*(140 eV)—C C**(300 eV)—C
Avg.

Impact Norm. Sput- Impact Norm. Retention Sputtering Deposition Retention Sputtering Deposition
Location C Ga C Ga Angle tering Rate Angle Flux Yield [/ion] Yield [/ion] Rate [a.u.] Yield [/ion] Yield [/ion] Rate [a.u.]
1, x-slope 64+05 07+£04 35+£0.1 0.0 + 0.0 63° 7.5 48° 1.5 0.9 0.28 0.93 0.76 0.53 0.35
2, y-slope 9+1 47 +£04 52402 29+0.1 66° 8.6 40° 1.7 0.95 0.19 1.29 0.81 0.37 0.75
3, Floor 9+ 1.6 4.7 + 0.8 54 4+ 04 3+1 80° 1

° . R . .61 . -0.1
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5. Summary

In order to investigate C impurity ion incident angles in the DIII-D divertor and obtain new information about
PFC erosion, we have exposed 30 x 30 x 3 or4 pm deep micro-trenches in a Si sample to L-mode D discharges
for a cumulative 30 s or 10 s using the DIMES facility at DIII-D. C deposition profiles on the trench floors
inferred via EDS analysis were consistent with the Cion incident directions corresponding to a polar angle of

0 ~ 60° (referenced to the surface normal) and azimuthal angle of ¢ ~ —55° (referenced to the toroidal
magnetic field direction) calculated by the ERO code. The thickness of deposited C layers post-exposure was
measured by AFM of the micro-trench floors and by comparing this height to the original trench surface
identified by a Ga-implanted layer formed during fabrication. The C net deposition rate in an area of the micro-
trench floor that was shadowed from incident D ions was ~10 nm s~ during plasma exposure. AFM was also
used to measure the Si net erosion rates, which were 3.5-5.5 nm s~ ' during plasma exposure. EDS was used
post-exposure to measure C concentrations outside the trenches and a correlation between the C concentration
and the Si erosion rate indicates erosion is suppressed by surface dilution from C impurity deposition. EDS
analysis also showed that the Ga-implanted surface layers remained intact on the sloping trench wall along the
toroidal direction after plasma exposure. C concentrations on this sloping wall were 40%—50% higher than
concentrations on the sloping wall along the poloidal direction. Hence, C deposition may explain the significant
erosion suppression on the wall along the toroidal direction. MPR calculations indicated that the C deposition
rate on the wall along the toroidal direction should be higher than one along the poloidal direction by 40% for
C* or210% for C’" incident ions due to the steeper incident angle. These results reinforce the conclusion that C
impurity ion incident angles, which are determined by the CIADs and the PFC surface morphology, strongly
affect PFC erosion rates.
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