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The effect of proton implantation as isolation implant and subsequent annealing on the optical 

absorption and electrical resistivity of low-bandgap p-GaSb is reported. The measured 

transmittance spectra indicates that implantation creates a distribution of energy levels extending 

into the bandgap. Electrical measurements show that the average sheet resistance of the implanted 

layer increases only by an order of magnitude from its pre-implantation value at a proton dose of 

~1013 cm-2 followed by 200°C annealing. It is also shown that annealing reduces the implantation-

induced optical absorption while still retaining a high electrical resistivity.    
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The extended short and mid-wave infrared (eS-MWIR) regime of the electromagnetic spectrum, 

covering wavelengths ranging from 2 µm to 6 µm, contains a number of spectral features such as 

strong overtones and combination molecular absorption bands in gas- and liquid-phase molecules. 

The presence of strong absorption lines for chemically and biologically important trace compounds 

such as water vapor, hydrogen sulfide, hydrogen cyanide, and nitrous oxide in the MWIR 

wavelength regime enables photonic sensors to detect these compounds with high selectivity and 

sensitivity [1]. This is useful for a wide range of applications including non-invasive medical 

diagnostics [2], industrial process control [3], and biochemical sensing [4, 5].  

 

Photonic integrated circuits (PICs) with tightly-integrated active and passive optoelectronic 

components that operate in this wavelength regime have received growing research interest in 

recent years. PICs containing active and passive photonic components connected with low-loss 

passive waveguides are of utmost importance for implementing eS-MWIR photonic sensor 

technologies at the chip scale as integrated low-cost solutions [6]. Although MWIR PICs have 

recently been demonstrated using heterogeneous integration of GaSb-based interband cascade 

lasers (ICLs) with silicon-on-insulator passive components [7-9], device performance was limited 

by the challenge of bonding GaSb to silicon. A monolithic platform alleviates this problem with 

the tight integration of both active and passive components on the material platform based on GaSb 

and its alloys.  

 

Realizing complex and monolithic PICs requires the spatially selective control of electrical 

properties, such as resistivity, and optical properties, such as absorption coefficient. Ion 

implantation is the technique of choice for selectively producing high-resistivity regions for 

electrical isolation between devices within a PIC [10]. Device isolation is a key processing step 

and is used to restrict current flow to active devices without having cross-talk with other areas on 

a wafer [11]. To this end, ion implantation has the obvious advantage over mesa etching that it 

retains the planarity of the surface and, in general, intrudes less under mask edges. Typically, light 

ions are used and the layer of high resistivity results from the defects created in the lattice by the 

ions, whereby the ion damage manifests as trap states. Antisite defects or defect-related complexes 

are formed by replacement collisions and act as deep-level charge carrier trapping centers that are 

not thermally ionized at normal operating temperatures. Although these defects are detrimental to 
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the optical performance of semiconductor devices, treatments such as rapid thermal annealing 

(RTA) essentially recover the implantation-induced optical absorption back to the pre-implantation 

value while still retaining a sufficiently high resistivity [12]. Optical loss is also reduced after 

implantation due to lower free carrier absorption since implanted ions passivate dopant sites.  
 

Although the effects of ion implantation, including hydrogen ion (proton) implantation, have 

been widely investigated in material systems such as InP [13-17], GaAs [12, 18], GaP [19, 20], 

and InAs [20, 21], similar studies on GaSb are few and far between. There are only a few reports 

that discuss ion implantation in GaSb [22-26]. However, these works do not address the precise 

effects of proton implantation on the optical and electrical properties of GaSb, instead focusing on 

morphological changes such as anomalous swelling [27, 28] and porosity [29] brought about by 

the implantation of heavier ions. Two recent works examined the effect of proton implantation and 

zinc ion implantation on InAs/AlSb superlattice-based ICLs [30] and -photodetectors [31], 

respectively, but to the best of our knowledge a comprehensive study of proton implantation on 

low-bandgap materials, e.g., GaSb is still wanting.  

 

In this study, we endeavor to find the optimal proton implantation parameters (energy and dose 

values) and the optimal temperature for subsequent RTA cycles which maximize the electrical 

resistivity of p-GaSb while keeping its implantation-induced optical absorption to a minimum. As 

a material, p-GaSb is experimentally investigated in this study since p-doped layers act as upper 

cladding regions of a PIC. Hence, selectively controlling its resistivity and absorption coefficient 

is of vital importance to the feasibility of the PIC. It is found that proton implantation at a dose of 

1013 cm-2 and subsequent RTA at 200°C increases resistivity by more than one order of magnitude 

from its pre-implantation value while significantly reducing implantation-induced optical 

absorption.      

 

The two types of samples used in this study are schematically shown in Figs. 1(a) and 1(b). 

p-GaSb wafers with a carrier concentration of 1×1018 cm-3 were used for pre- and post-

implantation optical characterization. 1 cm×1 cm samples were cleaved from the wafer and 

implanted with protons of multiple energies and doses. Table I outlines these parameters, with 

energies varying over the range 20–175 keV and doses varying over the range 1010–1015 cm-2.  



4 

Table I.  Proton energy and dose combinations explored in this study. 
Energy and dose combinations 

A B C D 
175 keV @ 9×1010 cm-2 175 keV @ 9×1012 cm-2 175 keV @ 9×1013 cm-2 175 keV @ 9×1015 cm-2 
110 keV @ 7×1010 cm-2  110 keV @ 7×1012 cm-2  110 keV @ 7×1013 cm-2  110 keV @ 7×1015 cm-2  
55 keV @ 5×1010 cm-2 55 keV @ 5×1012 cm-2 55 keV @ 5×1013 cm-2 55 keV @ 5×1015 cm-2 
20 keV @ 4×1010 cm-2 20 keV @ 4×1012 cm-2 20 keV @ 4×1013 cm-2 20 keV @ 4×1015 cm-2 

 

Using Transport of Ions in Matter (TRIM) [32] simulations, these parameters were predicted 

to result in a proton-implanted layer of thickness 2 µm in GaSb. Figure 1(c) shows the spatial 

distribution of protons resulting from implantation as determined by TRIM simulations. All 

implantations were performed at room temperature in order of decreasing implant energies due to 

the fact that for low-energy implantations, the lateral spread of ions is far lower for decreasing 

energies than it is for increasing energies. The surface normal of the sample was inclined at 7° with 

respect to the beam to minimize ion channeling. All implants were done at an ion current density 

< 0.1 µA/cm². Prior to implantation, optical transmission was determined using a Fourier transform 

infrared (FTIR) spectrometer. The process was repeated after implantation, and after post-

implantation annealing cycles were performed in nitrogen atmosphere in a RTA furnace. The 

samples were heated from room temperature up to the final temperature with a heating rate of 

50°C/s. After the final temperature was reached it was maintained constant for 10 s.   

              
Fig. 1. Test samples used to conduct pre- and post-implantation (a) optical (blanket implantation) 

and (b) electrical (selective area implantation) characterization, (c) TRIM simulations for proton 

implantation on GaSb and Au with the parameters outlined in Table I.     
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Electrical characterization was carried out on a test structure grown by molecular beam epitaxy, 

as shown in Fig. 1(b). The structure consists of high-bandgap quaternary lattice-matched 

Al0.6GaAs0.052Sb and 2-µm-thick p-GaSb with the same doping concentration as in the bare wafer. 

Such a test structure helps obtain good current confinement within the layer under study. 1 cm² 

samples were cleaved and standard optical lithography was done to define an array of transfer 

length method (TLM) pads and clover-leaf Hall patterns. Ohmic contacts composed of 

Ti(30 nm)/Pt(30 nm)/Au(200 nm) were evaporated on each sample. Electroplating methods were 

then employed to bring the total gold thickness up to 1.2 µm. In this case, ohmic contacts were 

deposited prior to isolation implants so that they acted as a mask which prevented the implantation 

of the covered GaSb layer and hence introduced implantation selectivity as is desirable in an actual 

PIC. The minimum thickness required for this mask was determined by TRIM simulations as 

shown in Fig. 1(c). Proton implantations were carried out on these electrical test structures as per 

Table I, this time with the objective of fully implanting the 2-µm-thick top p-GaSb layer.  

 

The spatial distribution of implantation-induced defects is found to be slightly skewed towards 

the p-GaSb surface according to TRIM simulations. This nonuniform distribution implies that the 

optical absorption coefficient and electrical resistivity are depth dependent. The optical and 

electrical measurements produce average values of these quantities over the thickness of the 

implanted layer. 

In order to characterize the optical absorption coefficient introduced by proton implantation, 

the transmitted light intensity was measured using FTIR spectroscopy by passing convergent light 

from a tungsten-halogen source through the unimplanted (i.e., bare substrates) and implanted 

samples, respectively. The transmitted light intensity was recorded as a function of wavelength in 

each case, as shown in Fig. 2. As expected, the transmission spectra rises abruptly at the bandgap 

energy of GaSb which corresponds to a wavelength of ~1.8 µm. For a given incident light intensity 

I0, the transmitted light intensities at any given wavelength above ~2.1 µm, at which the 

transmission intensities change to a constant level, for the unimplanted and implanted samples are 

designated I1 and I2, respectively. The ratio I2/I1 is closely linked to the implantation-induced 

absorption coefficient. The transmitted light intensity through the implanted part of the sample is 

𝐼! = 𝑅 exp[−(𝛼"𝑑" + 𝛼!𝑑!)] 

where α1 is the absorption coefficient of the unimplanted material and α2 is the additional 
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absorption coefficient introduced by the proton implantation, and d1 and d2 are the thicknesses of 

the unimplanted layer and the total sample, respectively. R is the reflectivity factor which accounts 

for reflection losses at both surfaces. To a good approximation the reflectivity factor may be 

assumed to be the same for the implanted and unimplanted parts of the sample. 

 
Fig. 2. Transmission of light through unimplanted and implanted p-GaSb samples. Solid lines 

show typical transmission for an unimplanted sample compared with transmission after 

implantation at various energies and doses. The dashed line shows how implantation-induced 

optical absorption is reduced after annealing at 175°C for 10 s. 

 

Therefore,  
𝐼!
𝐼"
= exp(−𝛼!𝑑!) 

and the ratio I2/I1 provides a measure of the additional absorption due to the proton implantation 

only. Rewriting, we get   

𝛼! =
1
𝑑!
ln 2

𝐼"
𝐼!
3 

The ratio I2/I1 is thus indicative of α2, a useful measure of the number of optically-active defects 

produced by implantation. Figure 2 shows that for energy and dose combination-A (with reference 

to Table I), i.e., proton doses in the order of 1010 cm-2, the ratio I2/I1 is 0.86. This indicates that 

14% of the light is either absorbed or scattered by the proton-implanted layer. From similar 

calculations for the higher doses, it is evident that proton implantation creates a distribution of 
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optically absorbing energy levels which extends well into the bandgap of the material under study, 

and this effect increases with increasing dose. A representative optical transmittance spectrum after 

annealing at 175°C for 10 s is also shown in Fig. 2. For energy and dose combination-A, the ratio 

I2/I1 recovers to 0.96 after the annealing. With increase in annealing temperature, the transmission 

spectra are found to move towards and eventually converge with the unimplanted spectrum. 

Interestingly, the ratio I2/I1 exceeds unity at certain wavelengths. This implies that the reduction in 

free carrier absorption more than compensates for the increased absorption introduced by the 

damage.  

 

Figure 3 shows the ratio I2/I1 following implantation and various annealing treatments as a 

function of proton dose. It is evident that annealing can recover the implantation-induced optical 

absorption, often to pre-implantation levels. For lower implantation doses, optical damage is 

annealed out relatively easily. Higher annealing temperatures are required to recover from higher 

doses. Significant annealing occurs at each higher temperature used. 

 
Fig. 3. The ratio I2/I1 as a function of proton dose for various annealing conditions applied on 

implanted p-GaSb samples. The curves show that the ratio I2/I1 can be recovered towards unity 

where the implantation-induced optical absorption has been eliminated.  

 

The change in electrical resistivity caused by proton implantation was then analyzed. The 

magnitudes of sheet resistance, which is analogous to resistivity, were obtained from the slopes of 

linear I-V plots over the range ±1 V. Sheet resistance measurements were carried out using both 

TLM- and Hall measurements with van der Pauw geometry. The measured results from these two 
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methods agree closely with each other. Energy and dose combination‑A, with dose values of 

~1010 cm-2, was found not to produce any significant increase in sheet resistance. Combinations-B, 

-C, and -D were more effective in this regard. Combination-C, with dose values ~1013 cm-2, has a 

special significance since the highest electrical resistivity occurs at this value. Ion doses higher 

than those in combination-D are known to produce swelling and morphological degradation in 

GaSb and were not explored in our study. Post-implantation RTA cycles with the aforementioned 

conditions were again performed and the behavior of the sample was investigated at each RTA 

temperature. RTA temperatures over the range 150°–375°C were employed and RTA cycles were 

accumulated in the samples. The average sheet resistance obtained from combination-C, 

determined using TLM and Hall measurements, is plotted in Fig. 4 for various annealing 

conditions.  

 

 
Fig. 4. Average sheet resistance of the implanted p-GaSb layer as a function of annealing 

temperature for the optimal energy and dose combination-C.  

 

It is observed that the sheet resistance goes through a maximum and then falls off. The initial 

sheet resistance of the p-GaSb layer before implant isolation is 102 Ω/◻. During implantation, 

protons interact with the host lattice atoms and give rise to a variety of damage in the form of point 

defects, defect complexes, and extended defects such as nanovoids and platelets depending upon 

the implantation parameters. There is an increase of sheet resistance to 547 Ω/◻ immediately after 
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implantation, caused by the trapping of free carriers by deep-level centers created by implantation 

damage as well as possible carrier mobility degradation by the damage. This carrier trapping and 

removal occurs along the ion paths. At the optimal dose of ~1013 cm-2, almost all charge carriers 

are trapped, but they can “hop” from one damage site to another. Because of this hopping 

conduction effect, the post-implantation value of sheet resistance is not the maximum achievable, 

and subsequent annealing increases the resistivity further.  

The evolution of sheet resistance with annealing temperature is typical of a damage-induced 

compensation scheme. The sheet resistance reaches a maximum of 1153 Ω/◻ at a temperature of 

200°C as damage is annealed out and hopping conduction is reduced: the density of damage sites 

falls and the probability of trapped carriers to hop from one site to another decreases. In isolation 

studies of material systems like InP, peak sheet resistance usually increases by orders of magnitude 

from the post-implantation value; however, this was only ~2 times in our study. This is believed to 

be the result of GaSb being a low-bandgap material, making it easier for trapped carriers to be 

thermally excited away from deep-level centers. GaSb also become porous after implantation, 

which introduces further complexity. Additional annealing eventually reduces the sheet resistance 

towards the pre-implantation value as captured charge carriers are released, i.e., holes in p-GaSb 

are returned to the valence band from deep-level centers by thermal relaxation. Defect density is 

also reduced below that required to compensate the material. 

 

In conclusion, an optimized proton implantation scheme was used in conjunction with 

annealing to increase the electrical resistivity of p-GaSb by more than an order of magnitude while 

introducing no additional optical absorption. This isolation implant step is one of the few important 

fabrication steps in the direction of realizing GaSb-based monolithic PICs at MWIR wavelengths. 

Although further work is necessary to identify the types and energy levels of defects produced in 

proton-implanted p-GaSb and eventually in getting even much higher sheet resistance for the 

targeted applications, the results obtained from this study are still useful for improving knowledge 

in the low-bandgap material system.  
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