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Abstract
Ion etching with 500-1000 eV Ar+ ions results in a damage depth that 
varies over a wide range. “Normal” damage is closely related to the ion 
penetration depth and is <10 nm. “Abnormal” damage can be caused by 
an elevated target temperature and can be >>10 nm. Available measure-
ments of damage depth indicate that the transition between the two 
types of damage takes place at a target-to-melting temperature ratio 
(K/K) of about 0.25. Understanding the relationship between target 
temperature and damage depth can help in controlling or avoiding 
deep, abnormal damage.

Figure 1. Target damage depth as a function of target-to-melting temperature 
ratio (K/K). The targets were bombarded with argon ions at near-normal inci-
dence and an energy of 500-1000 eV. [Data from refs. 1-6,9-11.]

Introduction
Broad beams of Ar+ ions at 500-1000 eV have been widely used to etch 
targets. When the ions have an energy of several hundred eV or more, 
an altered layer is generated under the etched surface. In a “normal,” 
or expected, altered layer, the damage depth is <10 nmand is believed 
to result from ballistic processes, i.e., the result of a succession of col-
lisions. The layer has an amorphous structure, includes implanted Ar, 
and is believed to correspond to, or be closely related to, ion penetra-
tion depth.[1-4] Annealing after bombardment (10 minutes at 620˚C 
for Ge[2] or 10 minutes at 800˚C for Si[3]) can regrow a low-defect 
structure from the undamaged material under the altered layer, expel-
ling the implanted Ar as it does so. This damage depth varies with the 
target material, ion energy, angle of incidence, and the technique used 
to measure that depth, but is well defined for a particular combination 
of these variables.

In an “abnormal” altered layer at the same Ar+ ion energies, the 
depth of damage is >10 nm, often >>10 nm. The altered layer does not 
have an amorphous structure, includes both deep defects and implanted 
argon, and the defects and argon are not removed by annealing.[3,5-6] 
The depth of damage is not well defined, and can vary over a factor 
of several depending on whether the definition of damage depth 

includes most, or almost all, of the damage[6]. The deeper damage in 
an abnormal altered layer appears to be due to an “annealing” process 
that takes place during the ion bombardment. This annealing results 
in the partial restoration of the crystal structure, trapping some of the 
implanted Ar and introducing defects into the structure by this trap-
ping. The damage depths reached in abnormal altered layer cannot be 
explained by normal diffusion processes. It also appears that the defects 
caused by the trapped Ar propagate well beyond any ion penetration 
depth.[3]

A similar bombardment-induced annealing has been observed 
in depositions from magnetrons. At low background gas pressures, 
substrate-to-melting temperature ratios, Ts/Tm (K/K), greater than 0.3 
provide film integrity at grain boundaries. An increase of this tempera-
ture ratio is required for the same film integrity at higher background 
pressures. This increase was initially interpreted as being due to the 
background gas interfering with the deposition integrity at grain bound-
aries[7] A later interpretation of the effect of gas pressure is preferred 
by the author. A higher background pressure reduces the energy of the 
sputtered particles arriving at the deposition substrate, so that a higher 
substrate temperature is required at a high background pressure to com-
pensate for the loss of particle energy[8].

Temperature-Ratio Correlation
Using the earlier magnetron studies as a guide, a temperature ratio was 
used to correlate damage-depth data. For ion-beam etching, the impor-
tant material temperature is that of the ion-beam target, so that the 
ratio is the target-to-melting temperature ratio, Tt /Tm. Limited dam-
age-depth data are available, and it was necessary to use a 500-1000 eV 
energy range for Ar+ ions at near normal incidence in order to include 
a reasonable number of depth measurements for different target materi-
als and temperature ratios. The materials include the elements Ge[1-2], 
and Si[3,9], and the compounds GaAs[4], InAs[6], InP[10], InSb[5] and 
SiC[11].

The target temperatures at ratios near 0.25 are important in the 
correlation and need further explanation. It appears that target tem-
peratures were not considered important in most of the damage-depth 
studies, because they weren’t given. Fortunately, for those ratios near 
0.25, depth measurements were found where the ion current densities 
were only a few μA per cm2, or the total ion current was only a few μA, 
or both. Even in the absence of any intended cooling, a target tempera-
ture of 30±10 C̊ can reasonably be assumed with such a low power 
input. The temperature-ratio error bar for 30±10-2 ptC would fit within 
the symbol width for data shown in Figure 1 near a temperature ratio 
of 0.25. An exception to this description is InAs, where the ion current 
density was 200 μA and additional information was used to define the 
temperature[12].

The correlation in Figure 1 shows a separation of normal and 
abnormal damage depths. All normal damage depths (<10 nm) are at 
or below a target-to-melting temperature ratio, Tt /Tm, of 0.25, while 
all abnormal damage depths (>10 nm) are at or above a ratio of 0.25. 
The damage depths of <10 nm are assumed to be the usual result of 
bombardment by 500-1000 eV Ar+ ions. It is the much deeper damage 
depths at high target-to-melting temperature ratios that are of most 
interest.

Target Temperature and Ar+ Ion Damage Depth
Harold R. Kaufman
Kaufman & Robinson, Inc., Fort Collins, CO Contributed Original Article

| | | | | |Previous Page Contents Zoom in Zoom out Front Cover Search Issue Next PageB
A

M SaGEF

| | | | | |Previous Page Contents Zoom in Zoom out Front Cover Search Issue Next PageB
A

M SaGEF

http://www.svc.org
http://www.qmags.com
http://www.svc.org
http://www.qmags.com


2011 Summer Bulletin 49

Discussion
In ion etching, as described above, a high substrate target temperature 
can produce abnormal damage. In magnetron deposition, a high sub-
strate temperature can produce denser, stronger films. The apparent 
contradiction is easily explained.

The penetration of Ar+ ions is negligible for energies of ~100 eV 
or less[13-16]. The bombardment-induced annealing in magnetron 
deposition results from the energy of the sputtered particles. This 
energy ranges from several eV to several tens of eV. The bombardment-
induced annealing can therefore take place without penetration damage 
from the bombarding particles. The beneficial effects of bombardment-
induced annealing in the absence of penetration is not limited to mag-
netrons: the lack of Ar+ ion penetration at ≤100 eV is why this energy 
range is so useful in making dense, low-defect films in ion-assisted 
deposition[17].

In ion-beam etching, it is difficult to have useful etch rates with Ar+ 
ions without, at the same time, having enough energy for most of the 
ions to penetrate beneath the target surface. If the target is hot enough, 
bombardment-induced annealing will take place during ion etching. 
But if ion penetration also takes place, the annealing will trap the 
implanted Ar. The deeper than normal damage of an abnormal altered 
layer results from the trapping of the implanted Ar and the defects 
caused by these trapped Ar atoms[3].

Concluding Remarks
Some compounds show a segregation of elements on the etched surface, 
which is associated with the development of a undesirable textured sur-
face. A common example of this behavior is InP[18-20]. The texturing 
of of InP is described as resulting from the formation of low-sputtering 
droplets of In, The texturing of the surface was accompanied by dam-
age much deeper than the 10 nm of a normal altered layer. The implied 
sequence was: (1) segregation of at least one element, (2) formation of a 
texture because of segregation, and (3) deep damage either accompany-
ing or following the formation of texture. 

An experiment with a liquid-nitrogen-cooled sample holder is 
pertinent[19]. With the liquid-nitrogen cooling, the etched surface was 
much smoother and the damage beneath the etched surface greatly 
reduced.

It is proposed that an alternate sequence of events leading to the 
texturing of InP should be considered: (1) a target-to-melting tempera-
ture ratio, Tt/Tm, sufficient to to cause deeper than normal damage to 
the etched surface; (2) diffusion through these deep defects causing the 
large local departures from stoichiometry at the etched surface, and (3) 
the large local departures in stoichiometry, in turn, causing the forma-
tion of a surface texture. It is further proposed that, in the absence of 
deep damage, the scale of any departures from stoichiometry would be 
equal to or less than the thickness of the normal altered layer.

Anyone who has followed ion-beam applications for some years 
should be aware of the rich and complex nature of this technology. It 
would be naive to expect the second sequence of events to expain all 
textures of low-melting-temperature compounds and alloys. On the 
other hand, if an unexplained and unwanted texture of a multi-element 
target is encountered, it makes sense to consider the possibility of an 
excessive target-to-melting temperature ratio.
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