
                                                                                                                           

      
      

        
          

        
     

        
      

        
     

         
      

      
    

     
    

    
   

       
      

         
       

      
           

     
      

        
        

         
      

       
          
      
       

         
     

     
       

       
       

       
       

      
       

         
         
      

      
        

      
     

         
           

        

               

  

       
      

    
     
     

    
        
       

       
      

        
      

      
      

      
       

      
    

   

         
       

     

To correctly assign geographic origin (Emori and 
Kitawaki, 2015; Sutherland et al., 2015), forma-

tion history (Peucat et al., 2007), and color mecha-
nisms (Emmett et al., 2003) in ruby and all colors of 
sapphire, accurate key trace element data is an essen-
tial component. As magnesium, titanium, vanadium, 
chromium, iron, and gallium are found in all natural 
sapphire in varying amounts, these trace elements 
are identified as the key trace elements for natural 
corundum. Additionally, beryllium is significant to 
quantify, as the presence of this trace element can in-
dicate treatment. The various quantitative trace ele-

ment detection techniques used today for analyzing 
mineral species—electron microprobe, X-ray fluores-
cence (XRF), secondary ion mass spectrometry 
(SIMS), laser-induced breakdown spectroscopy (LIBS), 
and laser ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS)—require standards for 
each trace element of interest. Essentially, these so-
phisticated and expensive instruments that allow us 
to quantify the trace elements in gems can only be 
as accurate as the standards used. With gemological 
laboratories issuing origin reports for ruby, sapphire, 
and other gems, it is essential to have a high level of 
certainty associated with the quantitative determi-
nation of trace element chemistry. The standard’s 
“matrix,” the material that it is comprised of, mat-
ters a great deal: Matching both the composition and 
structure of the standard to those of the sample being 
analyzed will yield the most accurate results 
(Sylvester, 2008). For example, trace levels of vana-
dium in ruby (or any of the colors of sapphire) are 
most accurately quantified by comparing against a 
piece of single-crystal corundum with a known level 
of vanadium in it as opposed to some other material 
containing vanadium, such as silicate glass. 

However, commonly used standards such as 
those produced by the National Institute of Standards 
and Technology (NIST) are generally not available in 
matrix-specific forms, so silicate glasses such as NIST 
Standard Reference Materials (SRM) 610 and 612 are 
frequently applied. As the silicate glass matrix differs 
significantly from the crystalline alumina matrix of 
sapphires and rubies in both composition and struc-
ture, what is known as a “matrix effect” can occur. 
This effect leads to inaccuracy for many of the key 
trace elements characterized. A potential outcome of 
calibrating an instrument with a matrix different 
from the sample to be measured is the enhancement 
or suppression of trace element levels detected 
(Strasheim and Brandt, 1967). Furthermore, NIST 
SRM 610 and 612 glasses are not certified for many 
of the trace elements they are being used for, as is the 
case for corundum, and both have been shown to 
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USING MATRIX-MATCHED STANDARDS 
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NOTES & NEW TECHNIQUES 

To improve the accuracy and efficiency of trace 
element analysis in ruby and sapphire, standards 
sets containing matrix-matched corundum with 
targeted levels of beryllium, magnesium, silicon, 
titanium, vanadium, chromium, iron, and gal-
lium were created. Ultra-high-purity corundum 
was also incorporated as a “true matrix zero.” To 
our knowledge, these sets contain the most ac-
curate standards for the key trace elements in 
corundum today.The standards were designed to 
cover the optimal range of the main trace ele-
ments typically characterized in natural ruby and 
sapphire. Additionally, we were able to accu-
rately quantify silicon in corundum by success-
fully resolving the 28Si+ peak from the 27Al1H+ 

peak using the superior mass resolving power of 
secondary ion mass spectrometry (SIMS) as com-
pared to laser ablation–inductively coupled 
plasma–quadrupole mass spectrometry (LA-ICP-
QMS). 
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In Brief 
•  New corundum standards have been developed for 

improved accuracy and efficiency in trace element 
quantification using LA-ICP-MS. 

•  A true matrix-matched zero was introduced to further 
minimize matrix effects. 

•  The GIA research collection was used to establish 
meaningful target levels of the trace elements of interest 
for the standards. 

Figure 1. One of GIA’s 
new LA-ICP-MS corun-
dum calibration stan-
dards sets (set number 
1); the epoxy disk con-
taining the set is 1.5 
inches in diameter. NIST 
SRM 610 and 612 glass 
standards are included 
to account for trace and 
non-trace elements, such 
as those found in inclu-
sions, that were not in-
corporated into the 
synthetic sapphire crys-
tals grown for standards. 
Photo by Jennifer Stone-
Sundberg. 

02-1032-01 

YOGO 7 

NIST 612 

NIST 610 

UHP BLANK 
99-113-05 E 

07-0687-01 
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demonstrate variability (Pearce et al., 1997). Of the 
key trace elements normally analyzed in corundum, 
these glasses are only certified for iron and chromium 
(certificates of analysis from NIST are available at 
https://nemo.nist.gov/srmors/certificates/view_ 
certGIF.cfm?certificate=610 and https://nemo.nist. 
gov/srmors/certificates/view_certGIF.cfm?certificate 
=612). Another drawback to the NIST glasses for 

corundum: Aluminum is present at low concentra-
tions (around 1 wt.%) in the NIST glasses but is a 
major element in corundum (around 52.9 wt.%). The 
projection from low concentration to high concen-
tration from the standards to unknowns can intro-
duce significant error—projections work best when 
similar concentrations are compared between stan-
dard and unknown. 

Due to concerns regarding composition and struc-
ture matrix effects, GIA decided years ago to generate 
corundum standards for its LA-ICP-MS instruments 
(Wang et al., 2006). After a decade of use for both pro-
duction and research applications, new standards sets 
have been created to further improve accuracy (dis-
cussed in the Background section) and efficiency. To 
optimize the new standards sets for regular labora-
tory use, each individual set contains a minimum 
number of standards (in our case, four pieces of 
corundum and NIST SRM 610 and 612 glasses em-
bedded in epoxy—see figure 1), reasonably capturing 
the range of interest for each key trace element to be 
quantified. As there is a need to characterize many 
samples routinely for origin reporting, efficiency is 
paramount. We reduced calibration time by combin-
ing as many trace elements as possible into single 
standards. We accomplished this by growing “multi-
doped” synthetic corundum crystals. Instead of hav-
ing only one or two of the trace elements of interest 
in a single standard, we worked with FLIR's crystal 
growth group, Scientific Materials of Bozeman, Mon-
tana, to produce highly uniform Czochralski-grown 
single crystals of corundum containing up to six in-
tentionally doped trace elements (figure 2). To incor-
porate beryllium into the standards, slices from one 
of these custom-grown crystals were diffused with 
beryllium for 100 hours at 1800°C in pure oxygen, 
generating one standard in which seven trace ele-
ments can be calibrated at the same time. Beyond re-

https://nemo.nist
https://nemo.nist.gov/srmors/certificates/view


      
     
      
        

       
     

        
         

       
        

        
      

       
       

    
      

      
      

      
     

        
        
      

        
        

         
      

      
       

        
       

      
      

      

       
       

      
       

       
          

    
        

     
       

         
       

      
       

       
     

         
       

        
      
       

         
      

        
        

                                                                                                                           

   
   
  

 
  

  
  

    
     

   
  

   
     

    
   
   

    
    

   
 

Figure 2. Crystal boules 
grown by Scientific Ma-
terials for multi-doped 
corundum standards: 
sample 02-1032 (top) 
and sample 07-0687 
(bottom). Both crystals 
were doped with Mg, Ti, 
V, Cr, and Ga in differ-
ent amounts; only 02-
1032 was successfully 
doped with Fe. Crystal 
02-1032 is 40 mm in di-
ameter by 150 mm in 
length at diameter, and 
crystal 07-0687 is 30 
mm in diameter by 150 
mm in length at diame-
ter. Photos courtesy of 
Scientific Materials. 
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ducing instrument calibration time, this approach of 
fewer individual measurements in the calibration 
cycle also enhances accuracy, precision, and repeata-
bility, as there is less chance for instrument signal 
drift, and therefore more accurate conversion of in-
strument signal into trace element concentrations. 

Even with this approach, it was impossible to in-
corporate all of the trace elements of interest into the 
synthetically grown crystals at levels that best rep-
resented what is found in natural corundum. As we 
were unable to produce a standard for mid-range to 
higher iron levels and moderate silicon concentra-
tions with Czochralski growth, we selected a series 
of natural sapphires from Yogo Gulch, Montana. 

BACKGROUND 
Original and Next-Generation Corundum Standards 
Sets. The first corundum standards sets GIA created 
for its LA-ICP-MS instruments focused on accuracy 
by using matrix-matched standards. These sets con-
sisted of seven different corundum standards: one 
high-iron natural sapphire and six synthetically 
grown sapphire crystals with either one or two inten-
tionally doped trace elements each. A need for in-
creased accuracy, better targeting of trace element 
levels in natural ruby and sapphire, and enhanced ef-
ficiency led to the development of the current gen-
eration of standards sets. To this end, we focused on 
the following criteria while minimizing uncertainty: 

1. Using corundum that clearly displays highly 
uniform levels of the trace elements of interest 

2. Capturing the appropriate ranges of the trace el-
ements in our standards by matching them to 
levels occurring naturally in sapphire and ruby 

3. Developing a high-purity blank sample to 
represent the absence of trace elements in 
corundum 

4. Using the most accurate methods available for 
corundum as the basis of our calibration work 

Uniformity of Trace Elements in the Standards. For 
a standard to produce accurate and reproducible re-
sults, it must be extremely homogenous (even more 
so for a spot method such as LA-ICP-MS than for a 
bulk method). Czochralski-grown synthetic crystals 
of corundum and other matrices are known for their 
exceptional crystal quality, including highly uniform 
distributions of trace elements. Demand in the 1960s 
for ruby crystals suitable for lasers led to the refine-
ment of the Czochralski technique for the produc-
tion of commercial solid-state lasers (Harris, 2004). 
For this reason, we chose the Czochralski technique 
as our growth method. As mentioned above, produc-
ing Czochralski-grown corundum with mid-range to 
high levels of iron and moderate levels of silicon was 
not practical, so we sourced extremely uniform Yogo 
sapphire crystals (shown in figure 3) from Eric Braun-
wart of Columbia Gem House (Vancouver, Washing-
ton). Surprisingly, we found with SIMS that in 
addition to iron, several of the other key trace ele-
ments of interest for corundum—including Mg, Si, 
Ti, and Ga—were as uniformly distributed in the nat-
ural Yogo sapphires as they were in the Czochralski-



       
        

         
 

       
       

        
      

        
       
         
         
       

      
       

        
      

       
       
      

         
         

      
     

    
       

      
        
       

        
        

         
 
       

        
       

          
       

      
      

         
      

         
      

       
   

     
       

      
    

      
          

        
        

        
        
       
     
       
      

       
       

       

                                                                                                                      

         
         

        
         
  

       
   

grown material. We have confirmed that silicon and 
nickel are also present in Yogo sapphires in amounts 
up to 26 and 12 ppma, respectively, and are likewise 
homogenously distributed. 

Targeting the Trace Element Levels in the Standards. 
To best determine the concentrations of trace ele-
ments in unknown samples, it is optimal to have 
standards that contain similar to somewhat higher 
levels of the same trace elements. We attempted to 
create standards with concentrations at the 50th per-
centile or higher of the key trace elements found in 
natural sapphire and ruby based on data from the GIA 
research collection. GIA has been gathering and cat-
aloging natural ruby and sapphire from identified 
sources worldwide as part of its reference collection 
effort. The purpose of this collection is to carefully 
document material from each accessible source and 
to produce detailed information on the inclusions and 
trace element chemistry by location (Chapin et al., 
2015; Pardieu and Vertriest, 2016). This collection 
contains over a thousand samples and is one that GIA 
adds to each time its field gemologists visit a unique 
mining area of commercial interest or significance. 
The collection includes basalt-related sapphire, meta-
morphic sapphire, marble-hosted ruby, high-iron 
ruby, and additional types of corundum beyond these 

Figure 3. One of the slices of Yogo sapphire selected 
for its uniformity of blue color. The slice weighs 0.117 
grams and measures approximately 5.8 × 7.6 × 0.9 
mm. The small dots are laser ablation spots. Photo by 
John L. Emmett. 

TABLE 1. Key trace elements in natural corundum 
from GIA’s reference collection. 

Trace 
element 

Levels of natural occurrence (ppma) 
Sapphire 

50th 
percentile 

Mg 

Ti 

V 

Cr 

Fe 

Ga 

50 

55 

5 

2 

210 

20 

75th 
percentile 

50th 
percentile 

Ruby 
75th 

percentile 

75 

100 

10 

5 

620 

25 

40 

50 

15 

900 

325 

10 

100 

85 

100 

1300 

845 

15 

four categories. The samples measured include gem 
and non-gem quality, and for the key trace elements, 
the data was quantified using the original corundum 
standards sets. For our purposes, we are limiting the 
discussion to these key trace elements that are found 
in the corundum matrix, and not those found in in-
clusions. 

Using data from the GIA reference collection, we 
considered the entire range of each key trace element 
detected, with the 50th and 75th percentiles pre-
sented in table 1. It is worth noting that the highest 
levels detected can be considerably higher than the 
75th percentile levels reported. For beryllium, where 
we were interested in detecting diffusion treatment 
(Emmett et al., 2003), we targeted around 60 ppma, a 
level sufficient to distinguish between diffused sam-
ples (where the surface of the gem can show signifi-
cant beryllium levels) and undiffused samples (with 
beryllium levels that are undetectable or very low, 
such as 1–2 ppma). 

Introduction of a Matrix-Matched Zero. The new 
standards sets address accuracy in part by incorpo-
rating a true matrix-matched “zero”—a piece of 
ultra-high-purity sapphire containing essentially no 
detectable trace elements. Using this approach of 
defining the zero signal point for each of the trace el-
ements as the pure matrix instead of a background 
of solely helium gas minimizes matrix effects, as in-
terferences will be eliminated and the zero point of 
the calibration line will now be far more accurate 
(Lin et al., 2016). Standard undoped colorless sapphire 
and high-purity alumina powders used commercially 
still contain several ppmw of various trace elements 
such as chromium, titanium, magnesium, and iron. 
For example, high-purity alumina with a 5N desig-
nation (meaning “five nines,” or 99.999% purity) still 
contains up to 10 ppmw combined trace elemental 
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Figure 4. The process outline used to create the new corundum calibration standards. 

Starting Material Calibration Method 

Rutherford backscat-
tering spectrometry 
(RBS) for quantifying 

A B C Ion implant wafers: one sapphire wafer Step 1 Ti, V V, Cr, Fe, and Ga each for Be, Mg, Si, Ti, V  Cr, Fe, and Ga      V, Cr 
(consensus SIMS 
results for Be, Mg, 
and Si) 

A A B C A B C A B C 
SIMS for Be, Mg, 

B F E D F E D F E D   V, Cr, Fe, Si, Ti, V Step 2 
and Ga levels and 

C G H I G H I G H I point-to-point 
variation 

The four sapphire pieces to be calibrated: high-purity baseline, two multi-doped 
   Yogo sapphire Czochralski-grown, and natural Y 

impurities. For our purposes, it was important to ob-
tain undoped sapphire of significantly higher pu-
rity—ideally 6N or better. To accomplish this, the 
most refined single-crystal sapphire known to us was 
acquired from Chandra Khattak of the former Crystal 
Systems Corporation (sold to GT Advanced Tech-
nologies in 2010). The single-crystal sapphire was 
material that had been recrystallized multiple times 
using the heat exchanger method (HEM) to further 
reduce the impurity levels found in the original alu-
minum oxide raw material (Khattak and Schmid, 
2001). 

Ensuring Accuracy. As mentioned earlier, the accu-
racy of the measurements obtained from standards-
dependent quantitative analytical techniques em ployed 
by many research laboratories is limited by the ade-
quacy of the standards used. To improve the accuracy 
of the new standards sets over the original sets, many 
steps were taken to develop a highly accurate calibra-
tion methodology with minimal combined uncer-
tainty (figure 4). We sought a method based on first 
principles for determining the levels of the trace ele-
ments of interest in our standards. In other words, we 
wanted a way of determining trace element levels in 
corundum that did not require referencing the levels 

Standard 

The ion implants are 
now ready to use as 
calibration standards 
for secondary ion mass 
spectrometry (SIMS) 

02-1032-01 07-0687-01 

NIST 610 YOGO 7 

UHP BLANK 
NIST 612 

LA-ICP-MS calibration 
standards sets 

assembled 

of those same trace elements in some other standard 
(i.e., a noncircular method). This led us to an approach 
used by the geology community in which individual 
ion implant doses verified by Rutherford backscatter-
ing spectrometry (RBS) are used to calibrate the SIMS 
apparatus prior to measuring final samples (Burnett 
et al., 2015). As the concentrations of the ion implants 
arrived at from the voltage and current settings are 
accurate to only about 30% (Burnett et al., 2015)—an 
unacceptable level of uncertainty for our purposes— 
the actual dosing levels achieved for each ion-im-
planted wafer were determined through multiple RBS 
characterizations (or for the lighter isotopes 9Be, 24Mg, 
and 28Si where this was not practical, through a 
method described below). RBS is a nondestructive 
first-principles (standardless) quantitative analytical 
technique that is capable of 1% absolute accuracy 
(Colaux and Jeynes, 2014). SIMS was chosen as our 
technique for performing the ultimate calibration 
work on the final corundum standards, as it is a pre-
cise technique with fine mass-resolving power capa-
ble of quantifying all of the elements of interest to us. 

As trace elements are not distributed with ab-
solute uniformity in synthetic sapphire, and each nat-
ural Yogo sapphire slice will have its own 
composition, nine points on all individual pieces for 
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each standards set were characterized by SIMS (see 
figure 4). Simply put, the same standard type in each 
standards set has its own unique set of values. This 
is quite a departure from the SRM NIST 610 and 612 
glasses, where most researchers refer to published ta-
bles for the concentrations of the trace elements (cer-
tified and uncertified) contained within any piece of 
a particular series of NIST glass, of which there are 
thousands of pieces worldwide (Pearce et al., 1997). 
For example, the chromium level in a Czochralski-
grown corundum crystal is nearly uniform from top 
to bottom, but its distribution coefficient will result 
in pieces from the bottom of the crystal having levels 
slightly lower than those from the top. To label the 
entire crystal as having a single chromium concen-
tration would result in inaccuracy. As SIMS can easily 
quantify not only differences between the top and 
bottom of the crystal, but also point-to-point differ-
ences across areas less than one square millimeter, 
we made sure to quantify the levels of chromium (and 
all of the other trace elements) individually for each 
separate standard piece from each source. These char-
acterized standards were now ready to be assembled 
into finished sets for GIA’s LA-ICP-MS instruments. 

To most accurately report data based on our new 
corundum standards, it is necessary to calculate the 
total uncertainty in the final values for each trace el-
ement in each standard, factoring in all measurement 
and instrument errors and uncertainties. We accounted 
for all of the sources of errors and uncertainties to the 
best of our ability and combined them via the root sum 
of the squares method following the NIST-referenced 
INC-1 (1980) recommendation reached by the Work-
ing Group on the Statement of Uncertainties, ap-
proved by both the International Committee for 
Weights and Measures (CIPM) and the International 
Bureau of Weights and Measures (BIPM). 

MATERIALS AND METHODS 
Crystals for Standards. Crystal Growth. As men-
tioned, we selected the Czochralski method, known 
for producing crystals of high quality with uniform 
doping of trace elements, to grow synthetic sapphire 
crystals containing the key trace elements for our 
standards. After many crystal growth runs to best un-
derstand the doping characteristics of each trace ele-
ment of interest, two final crystals were grown by 
Scientific Materials to provide material to be used in 
our standards sets. These two samples were both 
doped with the trace elements Mg, Ti, V, Cr, Fe, and 
Ga. Crystal 02-1032 had lower concentrations of Mg, 

Ti, and Cr and higher concentrations of V, Fe, and Ga; 
crystal 07-0687 had lower concentrations of V, Fe, 
and Ga and higher concentrations of Mg, Ti, and Cr 
(figure 2 top and bottom, respectively). Pieces from 
crystal 02-1032 were subsequently diffused with Be 
for a period of 100 hours at 1800°C in pure oxygen to 
provide a standard for this trace element. From each 
of the two boules, seven polished slices measuring 8 
× 10 × 2 mm were fabricated by Scientific Materials. 
These seven pieces from each boule constitute only 
a small fraction of the total available material for the 
two boules. 

Both crystals were grown directly from the melt 
at approximately 2050°C and pulled from iridium 
crucibles using seeds at an orientation 60° off the c-
axis (the growth direction was perpendicular to the 
n-plane, to facilitate growth of more defect-free ma-
terial). The raw materials used were 5N purity pow-
ders of Al2O3 and dopant metal oxides. After the 
powders were loaded into iridium crucibles, the crys-
tals were grown in a nitrogen atmosphere containing 
3,000 ppmw oxygen. The crystals were pulled at an 
extraction rate of 0.015 inches (0.38 mm) per hour. 
The final size of crystal 02-1032 was 40 mm in diam-
eter by 150 mm in length at diameter. The final size 
of crystal 07-0687 was 30 mm in diameter by 150 
mm in length at diameter. 

Magnesium, titanium, and vanadium were “well-
behaved ions” under the growth conditions used, in 
that they did not exhibit vaporization and their in-
corporation into the crystals was predictable based 
on our knowledge of their distribution coefficients. 
For chromium, iron, and gallium, some vaporization 
was noted and they were less predictably incorpo-
rated into the grown crystals under the conditions 
used. Therefore, maintaining well-controlled growth 
conditions to reduce variability was critical. 

Ultra-High-Purity Corundum. The ultra-high-purity 
corundum was obtained from the former Crystal Sys-
tems, which employed the HEM technique for pro-
ducing UV-grade sapphire. To enhance the purity of 
the material, the sapphire was recrystallized multiple 
times (C. Khattak, pers. comm., 2003). Ultimately, 
we determined a combined total ppma level of less 
than 0.5 for the key trace elements in this material. 
Seven finished pieces were fabricated from this ma-
terial by Scientific Materials. 

Yogo Sapphire. Several polished slices of highly uni-
form light blue Yogo sapphire crystals were carefully 
selected by Eric Braunwart of Columbia Gem House. 
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TABLE 2. Consensus SIMS and RBS results in the ion-implanted corundum wafers. 

Isotope Implanter target 
dose (at/cm2) 

9Be 
24Mg 
28Si 
48Ti 
51V 
52Cr 
56Fe 
69Ga 

1.00 x 1015 

1.00 x 1014 

1.00 x 1015 

1.00 x 1015 

1.00 x 1015 

1.00 x 1015 

1.00 x 1015 

1.00 x 1015 

Average of measured 
fluence (at/cm2) 

Combined uncertainty for 
mean and measurements 

1.22 x 1015 

1.00 x 1014 

1.32 x 1015 

1.03 x 1015 

1.09 x 1015 

1.12 x 1015 

1.10 x 1015 

1.05 x 1015 

3.55 x 1013 

4.60 x 1012 

8.45 x 1013 

7.06 x 1013 

5.46 x 1013 

5.00 x 1013 

5.68 x 1013 

5.29 x 1013 

We obtained seven for our standards sets. Yogo sap-
phires are known for mid-range to high iron content 
and exceptional color uniformity (Mychaluk, 1995; 
Emmett et al., 2017), which we expected would cor-
respond to trace element uniformity (figure 3). 

Standards Characterization. Our pursuit of accuracy 
led us to create the standards sets using a two-step 
approach: First, create highly controlled and measur-
able standards (ion implants) to calibrate extremely 
precise instrumentation (SIMS), and then use the 
standardized SIMS to calibrate selected corundum 
pieces to be incorporated into final product standards 
sets (see figure 4). The steps taken to create the SIMS 
calibration standards and then the final product 
corundum calibration standards for GIA’s LA-ICP-
MS instruments are listed below. 

Ion Implant Standards Creation. The first step was 
to create a separate calibration standard for each trace 
element of interest in a corundum matrix. This was 
accomplished at INNOViON Corporation (San Jose, 
California) using ion implantation, a method that al-
lows one to precisely control the concentration (dose) 
and depth profile of a specific amount of a trace ele-
ment to be placed into a matrix (Ryssel and Ruge, 
1986). Single isotopes of 9Be, 24Mg, 28Si, 48Ti, 51V, 52Cr, 
56Fe, and 69Ga were implanted separately into their 
own two-inch-diameter high-purity corundum wafer 
on top of a four-inch-diameter silicon wafer (except 
in the cases of 24Mg and 28Si, in which their two-inch-
diameter corundum wafers were placed on top of 
four-inch-diameter gallium arsenide wafers). The 
four-inch silicon or gallium arsenide wafers func-
tioned as witness samples for the ion implantation 
process. The target dose (or “fluence”) for each iso-
tope was 1.00 × 1015 at/cm2 (except 24Mg, which tar-
geted a 1.00 × 1014 at/cm2 dose). The implant energy 

% combined uncertainty for 
mean and measurements 

2.90% 

4.60% 

6.40% 

6.85% 

5.03% 

4.46% 

5.15% 

5.02% 

used for our wafers was 200 KeV for all isotopes ex-
cept 9Be, which used an energy of 100 KeV. For all 
wafers, the tilt angle between the ion beam and the 
wafer surface normal was 7°. 

Verification of the Ion Implant Dosing. For the key 
trace elements that are significantly heavier than the 
matrix elements aluminum and oxygen (Ti, V, Cr, Fe, 
and Ga), RBS was used to determine the actual dos-
ing. The RBS technique can determine the concen-
trations with depth of isotopes in a matrix of lighter 
elements by bombarding a sample with a beam of 
high-energy particles and measuring the number and 
energy of backscattered ions (Verma, 2007). For those 
key trace elements that are close in mass or lighter 
than aluminum and oxygen (Be, Mg, Si), the ion im-
plant dosing had to be verified by a consensus-dosing 
approach using comparisons to well-characterized 
existing implants. 

The implant doses of the heavier isotopes 48Ti, 51V, 
52Cr, 56Fe, and 69Ga were characterized by RBS at 
Evans Analytical Group (EAG) in Sunnyvale, Cali-
fornia; the Ion Beam Laboratory at the University at 
Albany, State University of New York (SUNY); and 
the Tandetron Accelerator Laboratory of the Univer-
sity of Western Ontario (UWO) in London, Ontario. 
For all measurements, a He++ ion beam with energy 
between 2 and 3 MeV was used. 

To characterize the ion implant standards lighter 
than or close in mass to Al (9Be, 24Mg, and 28Si), EAG 
determined “consensus doses” (doses based on sev-
eral verifications) using SIMS and their multiple ref-
erence standards for Be in Si, and Mg and Si in GaAs. 
When these lighter ions were implanted in their sap-
phire substrates, they were simultaneously im-
planted into larger-diameter “witness” substrates of 
silicon or gallium arsenide that the sapphire sub-
strates were placed on top of. These witness samples 
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With the RBS “dose” or “fluence” values Ψ (units of 
atoms/cm2), SIMS RSF values—the conversion factors 
between SIMS data for a particular element in a sample 
and its concentration—can be determined in the follow-
ing way. 

We first sputter the ion implant standards with SIMS 
to collect the counts of the implanted ion and matrix ion. 
This implanted ion, or “ion of interest,” is also referred to 
as the “secondary ion of interest.” We express the ion count-
ing rate of the implanted isotope as I(x)1, which is also the 
current of the implanted isotope. Similarly, the ion count-
ing rate of the matrix isotope—in the case of a corundum 
matrix this would be 27Al+—is expressed as I(m)1, which is 
also the current of the matrix isotope. The RSF (units of 
atoms/cm3) can be determined using the relationship 

RSF = Ψ/∫(I(x)1/ I(m)1)dx 

where dx is the depth profile in angstroms and is deter-
mined by the product of the sputtering rate (S) in 
angstroms per second and the time interval in seconds 
recorded during the SIMS analysis: 

dx = Sdt 

BOX A: SIMS RSF AND TRACE ELEMENT CONCENTRATION DETERMINATION 

were then measured with SIMS and directly com-
pared to the existing reference standards produced 
and used by EAG. These standards served as calibra-
tors for the SIMS to determine the doses in our wit-
ness samples. For Be, Mg, and Si, EAG had three, 
four, and five existing standards, respectively. We as-
sumed that the doses in the witness samples were 
identical to those in the actual sapphire substrates, 
which was shown to be true for the heavier implants 
for titanium, vanadium, chromium, iron, and gal-
lium that each had silicon witness samples under 
them during the implantation process. 

Calibration of the SIMS and Characterization of the 
Final Standards. SIMS is a highly sensitive and pre-
cise quantification technique for elements from Be 
to U (Benninghoven et al., 1987). The technique pro-
duces elemental depth profiles by sputtering samples 
with a primary beam of either oxygen or cesium ions 
and then analyzing the secondary ions formed with 
a mass spectrometer. Once the doses in the ion im-
plant standards were accurately characterized, these 
standards were measured with SIMS under a con-
trolled set of conditions to determine “relative sen-
sitivity factors,” or RSF values, for each trace 
element of interest to be characterized in corundum 
(Laufer et al., 2011). The RSF simply converts the 

The sputtering rate is the ratio of the simulated peak 
depth to the peak time in seconds: 

S = Peak depth/Peak time 

We attempted peak depth determination by both 
physical measurements and calculation with “Stopping 
and Ranges of Ions in Matter” (SRIM). Because of the 
small non-flat-bottom craters in sapphire, large uncer-
tainties exist in physical depth measurements. The peak 
depths are currently calculated with SRIM, before more 
accurate depth measurements can be achieved. 

Once the RSF values for each trace element in the 
matrix have been determined, the atomic concentra-
tions—n(x)—of these trace elements in other samples 
can be determined using the product of the RSF with the 
ratio of the secondary ion counting rates: 

n(x) = RSF × (I(x)2)/(I(m)2) 

where I(x)2 is the secondary ion counting rate, or current 
of the trace element isotope in a sample, and I(m)2 is the 
secondary ion counting rate, or current of the matrix iso-
tope—in our case, 27Al+. 

SIMS signal for a particular trace element in a defined 
matrix under defined conditions into concentrations 
(see box A for a more detailed description). Our de-
termined RSF values were then applied to data col-
lected on the pieces of corundum that are now in our 
corundum standards sets under the same controlled 
set of operating conditions to accurately quantify 
these same trace elements. The RSF values for each 
trace element were determined from a series of two 
to four spots on the appropriate ion implant standard, 
verified in two separate measurement sessions on 
nonconsecutive days. The concentration values with 
combined uncertainties for each piece of corundum 
incorporated into the standards sets were obtained 
with SIMS based on averaging nine spots per piece. 

SIMS Instrument Description and Operating Condi-
tions. The CAMECA IMS 7f-GEO at Caltech 
(Pasadena, California) is a magnetic sector type SIMS 
instrument with dedicated options for geoscience ap-
plications. Modified from the CAMECA IMS 7f-Auto, 
it is equipped with double secondary Faraday cups for 
high-precision stable isotope analysis. The primary 
column consists of a duoplasmatron source; a mi-
crobeam Cs ionization source; a primary beam mass 
filter; fully automated slits and apertures; ion optics 
(lenses, stigmators, and double deflectors) for primary 
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Figure 5. Left: 27Al1H+ interference to 28Si+ for sapphire using SIMS. At a mass resolving power (MRP) of 3,000, the 
27Al1H+ interference (mass of 27.98936 amu) to 28Si+ (mass of 27.97692 amu) can be separated, allowing accurate 
quantification of Si in corundum. During SIMS measurements, the magnetic field is set to collect signals only 
from the center of the 28Si+ peak. Right: For comparison, the LA-ICP-MS instrument described in the Materials and 
Methods section cannot resolve the 27Al1H+ interference to 28Si+ for sapphire (or even the further away 14N14N+ inter-
ference). This mass scan shows that the peak width of 28Si is 0.7 amu (vs. around 0.01 amu for SIMS), which means 
that the peak includes the combination of 14N14N+ (mass of 28.00615 amu), 28Si+, and 27Al1H+. 

beam focusing and rastering; and a high-accuracy pri-
mary Faraday cup combined with a fast beam blank-
ing system for monitoring the primary beam intensity 
during measurements. The secondary ion optics are 
continuously adjustable from –10 to + 10 kV, with a 
continuously adjustable imaged field and a dynamic 
transfer system that optimizes transmission for an an-
alyzed area up to 500 × 500 µm2. The Nier-Johnson 
double-focusing mass spectrometer has fully ad-
justable position and width on automated entrance 
and exit slits, automated contrast and field apertures, 
a spherical electrostatic analyzer for energy filtering, 
an automated continuously adjustable energy slit, and 
a laminated electromagnet (120 mm radius) for fast 
peak switching. The detection system consists of an 
electron multiplier, double Faraday cups, and a micro-
channel plate assembly. 

RSF values for the elements of interest in corun-
dum were determined through SIMS depth profiling 
of the implant standards. Because sapphire is an insu-
lator and depth resolution is not a concern for this 
task, an O– primary beam, which can minimize sam-
ple charging during measurement, was used to acquire 
depth profiles of the implant standards. Matched ana-
lytical conditions were then used to determine the el-
ement concentrations of the non-implant samples. 
Specifically, the O– primary beam current has a poten-
tial of –13 KeV, a current of approximately 15 nA, and 
a size of about 15 µm. Positive secondary ions of 8.5 

KeV were generated by the primary beam, rastering an 
area of 50 × 50 µm2 on sample surfaces. To avoid crater 
edge effects, a field aperture was inserted on the sec-
ondary ion path so that only the signals from the cen-
ter 20 µm2 area were detected. The positive secondary 
ions collected were 9Be, 24Mg, 27Al, 28Si, 46Ti (samples), 
48Ti (implants), 51V, 52Cr, 56Fe, 69Ga (implants), and 71Ga 
(samples). All secondary ions except 27Al were meas-
ured with an electron multiplier (EM). 27Al was meas-
ured with a Faraday cup because of its high intensity. 
The reason for measuring 46Ti instead of 48Ti on sam-
ples is to avoid possible unresolvable interference 
from 48Ca (0.187% natural abundance of all Ca), 
whereas the isotopic abundance of 46Ca is only 
0.004%. The reason for measuring 71Ga instead of 69Ga 
on samples is to avoid possible unresolvable interfer-
ences from 56Fe13C, 57Fe12C, and 53Cr16O, as Fe and Cr 
are both potentially present in the samples. Because 
of the high 48Ti fluence of the implant standard, the 
possible 48Ca interference has no significant contribu-
tion to its 48Ti depth profiling results. The mass spec-
trometer of the SIMS was set at a mass resolving 
power (MRP) of 3,000 for all the measurements, which 
is sufficient to resolve all possible interferences to the 
masses of interest, especially the 27Al1H+ interference 
(mass = 27.98936 unified atomic mass units, or amu) 
to 28Si+ (mass = 27.97692 amu) with an MRP of 2,251, 
which is significant due to the abundant Al in sap-
phire (as shown in figure 5). The lowest concentrations 
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in ppma we could detect with confidence for the key 
trace elements were 0.0003 for Be, 0.0002 for Mg, 0.2 
for Si, 0.007 for Ti, 0.007 for V, 0.003 for Cr, 0.0006 for 
Fe, and 0.0005 for Ga. 

Testing Standards and Samples with LA-ICP-MS. To 
examine the differences in using NIST glasses versus 
our new corundum standards for LA-ICP-MS calibra-
tion, we used a Thermo Fisher Scientific iCAP Qc 
ICP-MS and a New Wave Research UP-213 laser ab-
lation unit with a frequency-quintupled Nd:YAG 
laser running at 4 ns pulse width. Ablation was 
achieved using a 55-µm-diameter circular laser spot, 
a fluence (energy density) of approximately 10 J/cm2, 
and a 15 Hz repetition rate. The internal standard 
used was 27Al with a value of 529,200 ppmw calcu-
lated and rounded from pure corundum. The dwell 
time of each laser spot was 40 seconds. The lowest 
concentrations in ppma we can detect with confi-
dence by LA-ICP-QMS are 0.5 for Be, 0.1 for Mg, 0.5 
for Ti, 0.05 for V, 0.2 for Cr, 3.5 for Fe, and 0.01 for Ga. 

RESULTS AND DISCUSSION 
Verification of the SIMS Calibration Standards. A 
summary of the consensus SIMS results from EAG 
for the actual doses of 9Be, 24Mg, and 28Si as well as 
the RBS results from the three labs (EAG, SUNY, and 
UWO) for the actual doses of 48Ti, 51V, 52Cr, 56Fe, and 
69Ga in corundum are given in table 2. All values are 
presented with their combined uncertainties in terms 
of actual values and as a percentage of the determined 
doses. It is clear that verifying the ion-implanted 
doses was important in that the actual doses varied 

TABLE 3. RSF values for SIMS in corundum. 

Isotope RSF (atoms/cm3) 
9Be 
24Mg 
28Si 
48Ti 
51V 
52Cr 
56Fe 
69Ga 

1.99 x 1023 

3.12 x 1022 

2.87 x 1023 

5.08 x 1022 

8.73 x 1022 

5.87 x 1022 

8.37 x 1022 

5.31 x 1022 

%RSD 

2.42% 

1.30% 

2.05% 

1.10% 

3.60% 

1.99% 

0.94% 

5.76% 

from the target doses from as little as zero to as much 
as 32%. The combined standard uncertainties at this 
point contain the uncertainties in the measured flu-
ence values with each RBS measurement (or consen-
sus SIMS measurement) and in calculating the mean 
values from the multiple RBS measurements for each 
fluence. 

Determined RSF Values for SIMS. The RSF values 
with their relative standard deviations (RSD) are 
given in table 3. These values allow us to accurately 
calculate the actual concentrations of the key trace 
elements in our final standards originating from the 
custom-grown multi-doped crystals, the Yogo sap-
phire slices, and the ultra-high-purity blank sapphire. 

Measured Values for the Final Corundum Calibra-
tion Standards. Using our RSF values, we calibrated 
the SIMS apparatus and determined the concentra-
tions of the key trace elements in our new corundum 
standards based on nine separate points each. The 

TABLE 4. Range of ppma values within the seven calibrated pieces of each 
crystal standard type with nine-point RSD value ranges from SIMS. 

Trace element 02-1032-01 to 07 07-0687-01 to 07 Yogo-01 to 07 

Be 

Mg 

Si 

Ti 

V 

Cr 

Fe 

Ga 

56–71 

24–26 

–– 

40–44 

39–43 

84–88 

34–36 

84–91 

2–10% 

1–4% 

–– 

1–3% 

1–3% 

1% or less 

1–8% 

1–4% 

–– 

75–82 

–– 

106–115 

7–8 

599–621 

(2–3) 

2–4 

–– 

1–2% 

–– 

1–4% 

1–3% 

1–2% 

(1–6%) 

2–4% 

–– 

(85–104) 

22–26 

(76–104) 

(3–12) 

(3–26) 

1200–1410 

12–14 

–– 

(1–7%) 

1–5% 

(1–8%) 

(1–12%) 

(4–93%) 

1–2% 

2–3% 

“—” indicates level too low to calibrate, and “()” indicates that the trace element in the particular standard is not 
being used for calibration purposes. Gray cells indicate RSD ranges unacceptable for calibration purposes. Note that 
all of the trace elements in the Yogo sapphire are remarkably uniform except for chromium and vanadium. 
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ranges for each key trace element by crystal type 
with relative standard deviation ranges in the new 
standards sets are presented in table 4. These can be 
compared to the targeted ranges of values in table 1. 
The homogeneity achieved in the crystal growth and 
naturally present in the Yogo sapphires are demon-
strated by the low RSD values accompanying the 
concentration ranges for those trace elements used 
for calibration purposes. Looking at the range of val-
ues by trace element within a standard type under-
scores the significance of individually calibrating 
each piece from the same source. 

Table 5 presents the final data with total com-
bined uncertainty (includes all measurement uncer-
tainties from all steps) for the first standards set 
imaged in figure 1. As mentioned, high uniformity 
of the trace elements within the crystals is necessary 
to improve accuracy and reproducibility while min-
imizing uncertainty. For each standard, we used 
SIMS to collect nine uniformly distributed spots 
across the entire surface. We found that the relative 
standard deviations representing the point-to-point 
variations in the calibrated levels of trace elements 
within our standards ranged from less than 0.5% to 
no more than 10%. The highest variation was in the 
diffused beryllium in the 02-1032 crystal pieces. The 
lowest variations were in the chromium in the syn-
thetically grown crystals and in the iron in the Yogo 
sapphire slices (all 2% or less). 

Preliminary Comparison of LA-ICP-MS Data Using 
the New Standards Versus NIST SRM 610 and 612 
Glasses. To grasp the significance of matrix effects for 
key trace element reporting in corundum using NIST 

SRM 610 and 612 glasses, we compared values deter-
mined for one of our standards sets (set 7), first using 
our RSF values with SIMS and then with LA-ICP-MS 
using a different corundum standards set (set 1), and 
finally with LA-ICP-MS using NIST SRM 610 and 612 
glasses separately. Additionally, we used the new 
corundum standards set 1 separately from NIST SRM 
610 and 612 glasses to measure a series of other sam-
ples using LA-ICP-MS. We were not able to measure 
this set of samples on SIMS but plan to do so with ad-
ditional samples in the future. As shown in table 6, 
using the new standards calibrated by SIMS in the LA-
ICP-MS instrument provided agreement within less 
than 10% of SIMS for standards set 7. Looking at cal-
ibrating the LA-ICP-MS with NIST 610 and 612 as 
compared to the matrix-matched standards, trends in 
differences between the measured samples for each 
trace element can be seen. For Be, Ti, V, Fe, and Ga, 
NIST SRM 610 and 612 glasses produce values con-
sistently lower than the corundum standards. For Mg, 
NIST SRM 610 and 612 glasses produce values higher 
than the corundum standards. For Cr, the trend is not 
so clear, but the differences are within less than 10% 
of each other. 

Accurate Quantitative Reporting of Silicon in Sap-
phire Using SIMS. Using SIMS with an MRP of 
3,000, we were able to completely separate the 
27Al1H+ interference from 28Si+ (a mass scan around 
28Si, collected on a sapphire with 22 ppma Si, at a 
chamber vacuum level of approximately 2 × 10–9 torr; 
see figure 5), allowing us to accurately quantify Si 
concentration in corundum. The quantitative report-
ing of silicon in sapphire is a problem for many of the 

TABLE 5. Trace element concentration values (in ppma) with total combined uncertainty in 
corundum calibration standards set number 1 (see figure 1). 

Trace element 

Be 

Mg 

Si 

Ti 

V 

Cr 

Fe 

Ga 

02-1032-01 

68.5 

25.3 

–– 

44.4 

42.5 

87.6 

36.8 

86.3 

Uncertainty 07-0687-01 Uncertainty Yogo-07 Uncertainty 

4.4% 

5.1% 

–– 

7.6% 

6.3% 

5.0% 

5.4% 

7.7% 

–– 

76.0 

–– 

111 

7.41 

599 

–– 

3.32 

–– 

4.8% 

–– 

7.2% 

6.3% 

5.2% 

–– 

8.6% 

–– 

–– 

23.9 

–– 

–– 

–– 

1240 

12.4 

–– 

–– 

7.6% 

–– 

–– 

–– 

5.5% 

8.0% 

“—” indicates a trace element that was not present or not being used for calibration purposes within a standard. 
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TABLE 6. Comparison of LA-ICP-MS quantitative ppma data using matrix-matched 
corundum standards and NIST SRM 610 and 612 glass standards. 

Sample 

02-1032-07 

77524 

02-1032-07 

07-0687-07 

Yogo-01 

67293 

02-1032-07 

07-0687-07 

76965 

67923 

02-1032-07 

07-0687-07 

69501 

02-1032-07 

07-0687-07 

67925 

02-1032-07 

Yogo-01 

67295 

SD1 

02-1032-07 

07-0687-07 

Yogo-01 

SD1 

67292 

Be 

Be 

Mg 

Mg 

Mg 

Mg 

Ti 

Ti 

Ti 

Ti 

V 

V 

V 

Cr 

Cr 

Cr 

Fe 

Fe 

Fe 

Fe 

Ga 

Ga 

Ga 

Ga 

Ga 

Trace element SIMS 

56 

25 

76 

104 

43 

106 

41 

7.2 

86 

614 

36 

1353 

91 

3.8 

12 

56 

69 

25 

77 

107 

7.6 

46 

110 

69 

4.4 

43 

7.9 

106 

86 

619 

1324 

33 

1359 

37 

4039 

88 

3.5 

12 

38 

312 

LA-ICP-MS 
set 1—new 
standards 

Nine spots were used in both instruments. 

LA-ICP-MS instruments used in gemological labs 
today, as they may not be capable of removing inter-
ferences and background from the isotope of interest, 
consequently yielding erroneously high results (Shen, 
2010; Emmett et al., 2017). Using other techniques 
such as electron microprobe and XRF is not practical, 
as the detection limits for Si in corundum are orders 
of magnitude too high. LIBS with an intensified 
charge-coupled device (CCD) combined with a Cz-
erny-Turner spectrometer might be more suitable 
than electron microprobe and XRF, but the limits of 
detection again for Si in corundum appear to be well 
above the 1 ppma range we are interested in. 

Consider that the MRP for separating 28Si+ (mass of 
27.97693 amu and 27Al1H+ (mass of 27.98936 amu) is 

LA-ICP-MS 
NIST 610 

LA-ICP-MS 
NIST 612 

48 

46 

26 

81 

113 

8.0 

42 

101 

64 

4.0 

38 

6.7 

91 

84 

585 

1384 

29 

1142 

24 

2992 

83 

3.3 

11 

36 

272 

44 

46 

30 

95 

133 

9.6 

43 

103 

60 

3.8 

38 

6.7 

94 

83 

577 

1403 

14 

552 

10 

1177 

86 

3.4 

11 

38 

306 

2,251. The MRP of the instrument for a particular 
mass is the ratio of the isotopic mass of interest to the 
peak width at half maximum. To determine the mass 
resolution required to separate a particular isotope 
from a close-in-mass interference, we take the mass 
of the isotope of interest and divide by the absolute 
value of the difference between that isotopic mass and 
the mass of the interference of concern. Here, for 28Si+ 

and 27Al1H+, the MRP is: 27.97693/(|27.97693 – 
27.98936|) = 2,251. The MRP of quadrupole mass spec-
trometers used in many laboratories at atomic mass 
28 is around 40 at normal resolution and tops out 
around 90 at high resolution. The required 2,251 MRP 
far exceeds the capability of these commercial “desk-
top” ICP-QMS used in a number of gemological labo-
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ratories. One could consider trying to determine the 
Si trace element concentration using the 29Si isotope 
(mass of 28.97649 amu), which has a much lower nat-
ural abundance (4.7% abundance vs. 92.2% abun-
dance for 28Si). However, the signal from such a 
low-abundance trace element would be very difficult 
to quantify and distinguish from traces of Si that 
might be present due to quartz elements in the torch 
assembly. Even if one could correct for these possible 
problems, there are still close-in-mass interferences 
such as 28SiH and 29N-N (28.98475 and 29.00318 amu, 
respectively) that require finer MRP (3,508 and 1,085, 
respectively) than the quadrupole detector is capable 
of. We decided to test measuring trace levels of silicon 
in corundum using a magnetic sector field ICP-MS 
paired with a 193 nm LA unit. This work is still on-
going, but signal intensity for our spot size of choice 
is proving to be an issue for either 29Si or 28Si at the 
medium mass resolution option (4,000–5,000 MRP) 
to quantify the levels of silicon we found in our Yogo 
sapphire samples using SIMS (22–26 ppma). 

For further context, the use of the high-purity 
“blank” sapphire containing essentially no trace el-
ements allows the LA-ICP-MS operator to see at 
what masses erroneous quantities of trace elements 
may be detected. Where there is an inexplicable sig-
nal compared to what is expected for the matrix 
alone, one can assume the signal originates from 
sources including interferences from plasma prod-
ucts, other contaminants, and residual atmospheric 
components. In an alumina substrate, where Si con-
centration is very low, the dominant peak at mass 28 
is 27Al1H+, which varies accordingly with the H con-
tents (vacuum level) available during measurements. 

To illustrate this further, we measured our ultra-
high-purity synthetic sapphire blank using the laser 
ablation–inductively coupled plasma–quadrupole 
mass spectrometer (LA-ICP-QMS) calibrated with 
NIST SRM 610. We found erroneous and highly vary-
ing levels of both 28Si and 29Si in our high-purity 
blank of 1136 ± 333 ppma and 1062 ± 182 ppma, re-
spectively (using SIMS, the 28Si level was below 1 
ppma). This could help to explain in part the high 
levels of Si in corundum reported in previous litera-
ture using LA-ICP-MS and NIST SRM 610 or NIST 
SRM 612 standards (Peretti and Gunther, 2002; 
Peretti et al., 2003; Sutherland et al., 2015). After run-

ning a full mass scan from beryllium to uranium on 
the high-purity blank standard, also using NIST SRM 
610 as a standard, we found that several trace ele-
ments beyond 28Si and 29Si would similarly be re-
ported at erroneously high levels. These included 11B 
(around 50 ppmw), 43Ca (around 350 ppmw), 46Ti 
(around 2 ppmw), 56,57Fe (up to 18 ppmw), 67Zn 
(around 50 ppmw), 95Mo (around 0.4 ppmw, though 
this trace level may be contamination from the HEM 
crystal growth process), and 116,117,118,120Sn (around 0.5 
to 2.5 ppmw). 

CONCLUSIONS 
The need for improved accuracy and efficiency led 
GIA to develop new corundum standards sets for its 
LA-ICP-MS instruments. These sets: 

1. Minimized the number of individual standards 
2. Incorporated a true “zero” to represent the ma-

trix background 
3. Covered trace element levels that best repre-

sent the ranges found in natural ruby and sap-
phire of the key trace elements Mg, Ti, V, Cr, 
Fe, and Ga 

4. Contained individual pieces that were cali-
brated using a highly controlled process based 
on, to the best of our knowledge, the most ac-
curate methods technologically available today 

Additionally, we were able to calibrate silicon in 
corundum standards, and with our determined SIMS 
RSF value for silicon in sapphire we were able to ac-
curately characterize trace levels of this significant 
trace element using the high mass resolving power 
of SIMS. 

These new standards sets were tailored to ensure 
high reproducibility, minimal calibration time, and 
less chance of instrument signal drift with fewer in-
dividual measurements in the calibration cycle. The 
creation of these standards was a lengthy and com-
plex endeavor, incorporating custom crystal growth, 
creation of ion implant standards, and utilization of 
RBS and SIMS measurement techniques. We con-
sider the end product well worth the effort, as these 
new standards allow us to more accurately study 
corundum chemistry for the purposes of both basic 
research and geographic origin reporting. 
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