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Abstract
Sb speciation analysis is important in relation to industrial exposure or environmental release because of the large differ-
ence in toxicity between  SbIII and  SbV. In this study, the release of Sb species from a semiconductor material (undoped 
and Bi-doped InSb thin films) in 0.1 mol/L sodium acetate buffer was investigated using hydride generation–microwave 
plasma-atomic emission spectroscopy (HG–MP-AES). Total Sb was determined using our previously reported method, 
and  SbIII concentration was measured without reduction by potassium iodide and with a lower sodium tetrahydroborate/
sodium hydroxide concentration. To estimate the  SbV concentration, the  SbIII concentration was subtracted from the total 
Sb concentration. The Sb species were not changed by Bi doping, even though Bi doping suppressed the Sb elution from 
the thin films. A large fraction of Sb eluted as  SbIII during leaching for 28 days. This is the first Sb speciation analysis using 
HG–MP-AES of eluates from Sb-based materials. Sb speciation analysis using HG–MP-AES is cost effective, reliable, and 
requires only simple sample preparation.
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Introduction

Sb is a metalloid element that is sometimes found as a free 
metal but is usually obtained as an oxide or sulfide (e.g., 
 Sb2O3 and  Sb2S3) from ores [1]. Sb is used in manufacturing 
flame retardants for plastics, fabrics, catalysts, and abrading 
agents [2]. Furthermore, Sb-based compound semiconduc-
tors are attractive materials with a high electron mobility, a 
high saturation velocity, and favorable optoelectronic prop-
erties in the infrared (IR) region [3–5]. Sb is also a toxic ele-
ment [6], and its toxicity differs greatly among its chemical 
species and oxidation state. The toxicity of organic species 
is lower than that of inorganic species, and the toxicity of 

 SbIII is 10 times greater than that of  SbV [7–9]. Hence, Sb 
speciation analysis is important.

Inorganic Sb speciation has been analyzed by combining 
chromatographic separation with high-performance liquid 
chromatography coupled with inductively coupled plasma-
mass spectrometry [10, 11]. However, non-chromatographic 
methods are cheaper and easier than chromatographic meth-
ods. Non-chromatographic speciation analysis methods 
using electrothermal atomic absorption spectrometry [12], 
hydride generation (HG) atomic fluorescence spectrometry 
[13, 14], and HG-atomic absorption spectrometry [15–18] 
have been reported. Microwave plasma-atomic emission 
spectrometry (MP-AES) allows fast multi-element analysis 
in a sequential mode with good detection power and low 
maintenance costs [19]. We have previously reported a pro-
cedure for total Sb analysis using an HG–MP-AES with a 
multimode sample introduction system (MSIS) [20].

InSb thin films are applied to various optical devices, 
such as IR light-emitting diodes and IR sensors [21, 22]. In 
addition, the higher electron mobility of InSb (78,000  cm2/
Vs at 300 K) makes it suitable for use as a magnetic resist-
ance element to detect the biomagnetic field in the body [23, 
24]. Before InSb-based materials can be used in embedded 
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devices, speciation of Sb eluted in physiological conditions 
must be examined. Therefore, in this work, speciation of Sb 
eluted from an InSb thin film under physiological conditions 
was performed by HG–MP-AES.

Experimental

Reagents

All reagents used in this study were at least analytical grade. 
Milli-Q water (> 18 mΩcm, Merck Millipore) was used to 
dilute the reagents.  SbIII standard stock solution (1000 mg/L, 
3 mol/L HCl) was prepared by dissolving  SbIII chloride 
(0.192 g) in concentrated HCl (25 mL) and filled up the 
solution to 100 mL with water.  SbV standard stock solution 
(1000 ppm) was prepared by dissolving potassium hexahy-
droxoantimonate (V) (0.108 g) in water (50 mL) by heating 
at 95 °C for 30 min.

Total Sb analysis

The total Sb concentration was measured by HG–MP-AES 
using an MP-AES system (Agilent 4200, Agilent Technolo-
gies) equipped with an MSIS (Agilent Technologies) as pre-
viously reported [20]. Before the analysis, Sb species in the 
samples and calibration standards were reduced with 20% 
KI and acidified with 1 N HCl. The reduced samples and a 

 NaBH4/NaOH solution (3% (w/V) solution in 0.2% (w/V) 
NaOH) were introduced to the MSIS to generate hydride 
(Fig. 1). The unused flow pass to the MSIS was blocked. The 
calibration for total Sb is shown in Fig. 2a.

Speciation analysis of Sb

SbIII level was determined based on selective HG accord-
ing to previous methods with slight modifications [15–18]. 
The same method as the total Sb analysis was used except 
that no KI reduction was performed and the  NaBH4 con-
centration was lower.  SbIII in the samples and calibration 
standards (2.4 mL) were acidified with 1 N HCl (0.6 mL) 
without KI reduction. The samples and the  NaBH4/NaOH 
(0.4% (w/V) solution in 0.2% (w/V) NaOH) were introduced 
into the MSIS. The calibration for  SbIII is shown in Fig. 2b. 
 SbV concentrations were calculated by subtracting the  SbIII 
concentrations from the total Sb concentrations (Fig. 1).

Method validation

To validate the analytical method for the  SbIII standard, 
 SbIII standard solution was subjected to MP-AES analysis 
to acquire the calibration curves. The limit of detection 
(LOD) and limit of quantification (LOQ) were calculated 
as LOD = 3σ/S and LOQ = 10σ/S (in μg/L), respectively. σ 
is the standard deviation of 10 measurements of the blank 

Fig. 1  Schematic of the analysis 
method for inorganic Sb 
speciation by hydride genera-
tion–microwave plasma-atomic 
emission spectroscopy with a 
multimode sample introduction 
system. a Total Sb and b  SbIII 
analyses
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solution and S is the calibration curve slope. By analyzing 
the  SbIII solution (20 μg/L) three times, the intra-day and 
inter-day repeatability were assayed. A recovery study 
was performed in solutions spiked with  SbIII and  SbV. 
 SbIII and  SbV standard solutions (10 μL each, 100 mg/L) 
were added to 0.1 mol/L sodium acetate buffer (50 mL) 
and recoveries for  SbIII and  SbV were calculated.

Sb species eluted from undoped and Bi‑doped InSb 
thin films

Undoped and Bi-doped InSb thin films of 640 nm thick 
were grown at 320  °C on quartz substrates (0.5  mm 
thick, 10 × 10 mm) and polyimide films (125 μm thick, 
10 × 10 mm) by RF magnetron sputtering as previously 
reported [25].  In0.5Sb0.5 and  In0.5Sb0.47Bi0.03 sputtering 
targets were used for the undoped and Bi-doped InSb 
thin films, respectively. Bi content in the Bi-doped InSb 
thin film was 0.015 atom %, and Bi assisted the crystal 
growth of the InSb thin film [25]. The undoped and Bi-
doped thin films (each n = 1) were soaked in 0.1 mol/L 
sodium acetate buffer (1.5 mL, pH 5) at room temperature 
for 28 days. After 1, 7, 14, and 28 days, the immersion 
solutions (500 µL) were collected, and the same volume 
of 0.1 mol/L sodium acetate buffer was supplied to the 
immersion solutions. The collected solutions were diluted 
with 1 N  HNO3 (4.5 mL). Speciation of Sb in the eluted 
solution was performed as described above. To confirm 
the matrix effect of Bi, the Bi-doped InSb thin film was 
immersed in 0.1 mol/L sodium acetate buffer (5 mL) for 
7 days and total Sb and  SbIII in the solution (×1 and ×20 
with sodium acetate buffer) was analyzed.

Results and discussion

SbIII analysis by HG–MP‑AES and method evaluation

To analyze  SbIII, the pretreatment used a lower  NaBH4 
concentration and no KI addition to prevent  SbV from 
being reduced to  SbIII (Fig. 1).  SbIII calibration standards 
(0–1000  µg/L) were analyzed and a linear calibration 
curve can be obtained (Fig. 2b, r = 0.99995). LOD and 
LOQ were found to be 0.02 μg/L and 0.07 μg/L, respec-
tively. Intra-day and inter-day assays were conducted using 
the  SbIII solution (20 μg/L, n = 3) to evaluate the precision 
of the present method. The relative standard deviations 
(RSDs) for the  SbIII solution of the inter-day and intra-
day assays were 3.16% and 2.39%, respectively. As shown 
in Table 1, The LOD, precision (RSD), and recovery of 
the present method were comparable to those of the pre-
vious methods by selective HG using atomic absorption 
spectroscopy.

The accuracy of the method for measuring  SbIII and  SbV 
was assessed by the recovery from spiked sodium acetate 
buffer samples (Table 2). The  SbV concentration was deter-
mined by subtracting the  SbIII concentration from the total 
Sb concentration. The recoveries of  SbIII and  SbV from 
the spiked buffer samples were 102% and 88.8%, respec-
tively, indicating good accuracy. In general, various kinds 
of interferences are inevitable in commonly used analyti-
cal atomic spectrometry techniques. However, MP-AES 
has the advantage of having relatively fewer interferences. 
It uses nitrogen plasma at a lower temperature (5000 K) 
than argon plasma (8000–10000 K) [26]; spectral interfer-
ence is not significant and atomic emission spectral lines 

Fig. 2  Calibration curve for a total Sb and b  SbIII determinations
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are simpler because most of the elements remain in the 
atomic state and this temperature is high enough to reduce 
chemical interference [27]. Moreover, nitrogen plasma is 
more inert compared with acetylene flame [27]. Therefore, 
this method enables Sb speciation without spectral and 
chemical interference.

Sb speciation eluted from undoped and Bi‑doped 
InSb thin films

Sb speciation in aqueous solution is important because the 
 SbIII toxicity is greater than that of  SbV, and their treatment 
methods are different [28]. Accordingly, it is necessary to 
analyze the Sb species eluted from InSb thin films. In gen-
eral, the etch rate when using acid solution is faster than 
that when using alkaline solutions because it depends on 
the crystal plane orientation in alkaline etching (anisotropic 
etching) but this dependence is not observed in acid etch-
ing (isotropic etching) [29]. Therefore, InSb may readily be 
eluted in acidic solutions. We have previously shown that 
In and Sb eluted from InSb-based thin films to a greater 
extent in 0.1 mol/L sodium acetate buffer (pH 5) than in 
other physiological conditions (distilled water and pH 9 Tris 
buffer) [5, 24]. Owing to these results, this pH 5 buffer was 
used in the present study.

The cumulative amount of eluted  SbIII and  SbV in 
sodium acetate buffer (pH 5) from undoped InSb and 

Bi-doped InSb thin films over 28 days is shown in Fig. 3. 
Sb elution from the thin films showed no difference 
between the quartz and polyimide film substrates. Both 
undoped InSb on quartz substrate and undoped InSb on 
polyimide film are completely dissolved after immersion 
for 14 days (Fig. 3a, b). In contrast, Bi doping suppressed 
the Sb elution in pH 5 buffer; the cumulative amount of 
eluted  SbIII and  SbV from Bi-doped InSb was lower than 
that from undoped InSb (Fig. 3), and InSb remained on 
substrates after immersion for 14 days (Fig. 3c, d). This 
is due to the increased crystallinity of InSb by Bi-doping 
[25]. The Sb species were the same for the undoped InSb 
and Bi-doped InSb thin films. After 1 day, more than 90% 
of the Sb eluted as  SbIII from all the thin films, and a large 
fraction of Sb eluted as  SbIII (about 80%) after 7, 14 and 
28 days. These results are similar to that of a previous 
study of GaAs leaching. Ramos-Ruiz et al. reported the 
leaching behavior of particulate GaAs in aqueous solutions 
of pH 6.8, 7.9, and 8.5:  AsIII accounted for 70–90% of the 
dissolved total As [30]. Sb speciation is function of pH 
and redox potential [31]. In a pH range of 2.7–10.4,  SbIII 
exists as  H3SbO3 or Sb (OH)3,  SbV exists as  HsSbO4

− or 
Sb (OH)6

− [1]: the eluted Sb species in this study may 
exist in these forms.

Table 1  Comparison of 
analytical performance of 
Sb speciation methods using 
hydride generation-atomic 
absorption spectroscopy

a Limit of detection for  SbIII

b Relative standard deviation
c Flow injection analysis-hydride generation-atomic absorption spectroscopy
d Hydride generation-atomic absorption spectroscopy (batch mode)
e Hydride generation-atomic absorption spectroscopy (continuous flow)
f Fast sequential-hydride generation-atomic absorption spectroscopy
g Multimode sample introduction system-hydride generation–microwave plasma-atomic emission spectros-
copy

Detection method LODa (μg/L) RSDb (%) Recovery (%) References

FIA-HG-AASc 0.007 0.4 – [15]
HG-(batch)-AASd 2.97 6.6 – [15]
HG-AASe 0.21 2.8 – [15]
FIA-HG-AASc 0.05 2.1 – [16]
FS-HG-AASf – 5.80 – [17]
FS-HG-AASf – 0.3–2.2 93–101 [18]
MSIS-HG–MP-AESg 0.02 3.16 90.9–95.4 This study

Table 2  Recovery of  SbIII,  SbV, 
and total Sb in buffers spiked 
with  SbIII and  SbV (n = 3)

a SbV concentrations were calculated by subtracting the  SbIII concentrations from the total Sb concentrations

Added (μg/L) Found (μg/L) Recovery (%)

SbIII SbV SbIII SbVa Total Sb SbIII SbV Total Sb

20 20 20.4 ± 0.06 17.8 ± 0.64 38.1 ± 0.64 102 88.8 95.4
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Conclusion

The release of Sb species from a semiconductor mate-
rial (undoped and Bi-doped InSb thin films) in 0.1 mol/L 
sodium acetate buffer was investigated by HG–MP-AES. 
Although Bi doping suppressed the Sb elution from the 
thin films, it did not alter the Sb species. A large fraction 
of Sb eluted as  SbIII after leaching for 28 days. Sb specia-
tion analysis using HG–MP-AES is cost effective and reli-
able, requires simple sample preparation, and can be used 
in engineering analysis.
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