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Abstract

In this work we investigate the long-term stability of epitaxial graphene (epigraphene) quantum
Hall resistance standards, including single devices and an array device composed of 236
elements providing Rx/236 =~ 109 €, with Rk the von Klitzing constant. All devices utilize the
established technique of chemical doping via molecular dopants to achieve homogenous doping
and control over carrier density. However, optimal storage conditions and the long-term stability
of molecular dopants for metrological applications have not been widely studied. In this work
we aim to identify simple storage techniques that use readily available and cost-effective
materials which provide long-term stability for devices without the need for advanced laboratory
equipment. The devices are stored in glass bottles with four different environments: ambient,
oxygen absorber, silica gel desiccant, and oxygen absorber/desiccant mixture. We have tracked
the carrier densities, mobilities, and quantization accuracies of eight different epigraphene
quantum Hall chips for over two years. We observe the highest stability (i.e. lowest change in
carrier density) for samples stored in oxygen absorber/desiccant mixture, with a relative change
in carrier density below 0.01% per day and no discernable degradation of quantization accuracy
at the part-per-billion level. This storage technique yields a comparable stability to the currently
established best storage method of inert nitrogen atmosphere, but it is much easier to realize in
practice. It is possible to further optimize the mixture of oxygen absorber/desiccant for even
greater stability performance in the future. We foresee that this technique can allow for simple
and stable long-term storage of polymer-encapsulated molecular doped epigraphene quantum
Hall standards, removing another barrier for their wide-spread use in practical metrology.
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1. Introduction

Quantum Hall resistance standards (QHRs) made using epi-
taxial graphene (epigraphene) have been established as one
of the most accurate primary resistance standards available
[1-6]. The unique electronic nature of graphene [7], and epi-
graphene especially [8], has allowed for the creation of accur-
ate QHRs with more relaxed operating conditions [2, 9] and
more robust quantization plateaus [10]. Epigraphene-based
QHRs have therefore started to slowly supplant the conven-
tional QHRs made from GaAs-based materials in National
Metrology Institutes (NMI) around the world.

However, there is one aspect where the conventional mater-
ials still have an advantage: long-term stability. GaAs-based
QHRs can be kept in ambient conditions (e.g. in the desk
drawer) for decades and still retain their original performance.
For instance, the GaAs device at RISE comes from PTB and
has been in use for routine resistance traceability since 1999,
and was latest used in a comparison measurement in 2019 [11].
When not in use, this GaAs sample is just kept in ambient
conditions.

The 2D-nature of graphene makes its resistance very sensit-
ive to adsorbates, and to achieve long-term stability, graphene
devices require passivation layers. For instance, ambient
dopants can have a large influence on the carrier density [12],
causing undesired drift over time if graphene is left unpro-
tected. This is problematic because carrier density control
of graphene is crucial to tune the operating conditions for
quantum resistance metrology [2, 9]. We demonstrated a tech-
nique which yields potent and uniform doping of epigraphene
by using molecular dopants and polymer encapsulation [11,
13, 14], and it allows an epigraphene QHR device to be tuned
to operate at some desired temperature 7, magnetic flux dens-
ity B, and with critical current Ic. It has previously been
demonstrated that the molecular dopant technique yields long-
term stable doping if the samples are kept in inert nitrogen
atmosphere, with a relative change in carrier density around
0.02% per day [11]. However, continuous access to nitro-
gen gas can be restrictive, and other simpler storage methods
are desirable. Recent reports demonstrate alternative methods
for molecular-doped epigraphene such as glass-encapsulation
schemes with relative change in carrier density within 0.4%—
0.5% per day [15]. While it offers a simple and permanent
encapsulation scheme, these have yet to reach the same long-
term stability as storage in inert nitrogen atmosphere.

2. Storage techniques

In this work we propose a simple approach to preserve epi-
graphene samples, which is available to practically every
laboratory who desires to use epigraphene QHRs: sealed

100 ml glass bottles and food-grade chemicals. Glass bottles
are made of borosilicate 3.3, from VWR® (with protective
plastic coating). They are mounted with polypropylene (PP)
pouring rings and a PP screw cap. We set up four different
storage environments (see figure 1). The first storage method
is an open glass bottle (no lid) which represents ambient
atmosphere. The second method uses commercially avail-
able traditional silica gel (porous silicon dioxide) desiccant
1-3 mm beads, containing 98% SiO, and 2% mixture of
Al»,O3, TiO,, Fe,03. The silica creates a dry environment by
moisture adsorption onto the surface of pores of gel beads,
and they are rated at 250 g kg~' water absorbing capacity
(20 °C). Al,03, TiO,, Fe,O3 mixture helps to quantify the
adsorption of H,0O, indicated by color change from orange
to colorless. We used approximately 40 ml desiccant in the
bottle. The third method utilizes a commercially available oxy-
gen absorber from O2ZERO™, containing a mixture of fer-
rous iron powder (55%), silicon dioxide hydrate (25%), water
(15%) and sodium chloride (5%). Ferrous iron oxide is con-
verted to its activated ferric state; hydrated iron oxide after
absorbing residual oxygen within the container, which cre-
ates an oxygen-poor environment [16]. Each oxygen absorber
sachet is rated at 100 CC with 3.3 g gross weight, and we use
three of them. The final method uses a mixture of desiccant
and oxygen absorber, with approximately 30 ml desiccant and
three oxygen absorber sachets.

Note that throughout this experiment we did not replace or
refresh the contents of the bottles. The initial batch of desiccant
pellets and oxygen absorber sachets remain inside the bottles
from beginning to end.

3. Sample preparation

We tested in total eight molecularly-doped epigraphene QHRs:
four produced on graphene grown on high purity semi-
insulating SiC (HPSI, Cree), and four on semi-insulating com-
pensated SiC (Atecom). Aside from this difference, all chips
were fabricated into identical devices, with the same Hall bar
geometries and doped using the same molecular doping tech-
nique. The details of the sample fabrication follow the instruc-
tions detailed in other works [11, 13]. One key difference in
this work is that we utilize a new method to fabricate the Ti/Au-
graphene edge contacts, which ensures low contact resistance
to graphene [17].

After chemical doping, we used additional thermal anneal-
ing at 160 °C to tune all carrier densities to around 1-
2 ecm~2 x 10" em™? (n-type). This carrier density level is
ideal for precision measurements operating within our typical
parameters of T =2 K, B= 5T, I =23 pA [9]. For Cree sub-
strates the additional annealing took around 30 min, while for
Atecom it took more than 60 min. The difference in annealing



Metrologia 60 (2023) 055009

N Shetty et al

. Aaa

Figure 1. (a) Optical image of an epigraphene QHR chip (7 mm? x 7 mm?), with three Hall bar devices. The chip is glued to a TO-8 holder,
and the center Hall bar is wire bonded to the holder using Al/Si wires. (b) Photo of four glass bottles, and their respective storage
environment. Each glass bottle holds one epigraphene QHR chip mounted on a TO-8 holder with a plastic lid.
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Figure 2. Measure of relative deviation in carrier concentration ‘n’ of chemically doped epitaxial graphene samples kept in different storage
environments over a period of two years. (a) is the zoomed in (shaded) part of inset in the top right corner for the Cree sample. In the
mixture of oxygen absorber and silica gel environment sample shows high stability over the period of 700 d compared to other storage
methods. (b) is the zoomed in (shaded) part of inset in the bottom right corner for the Atecom sample. Sample shows good stability not only
in the mixture of oxygen absorber and silica gel environment, but also in the silica gel environment alone. Error bars are not included in the
plot since the size of the data markers are of the order of one standard deviation.

time is attributed to different substrate-induced doping. All
four storage types were tested for each substrate type, mak-
ing in total eight devices spread across eight bottles.

4. Stability comparison

As the main indicator of stability, we use the relative change
of carrier density n over time ¢, expressed as (n(t) — ng)/ng
where ng is the initial carrier density and n(?) is the carrier
density at a certain time. The carrier density was determined
by measuring the Hall voltage Vyy while sweeping magnetic
flux density B using 0.1 T steps. A linear regression fit is taken
in the low-field linear regime to calculate the Hall coefficient
Ry (the slope, unit £2/T). The carrier density is then calcu-
lated as n = 1/(eRy), where e is elementary charge. The Hall

measurements were performed at temperature 7 = 2 K with a
bias current / = 23 pA in a dry cryostat (Teslatron).

Figure 2 shows the summary of carrier density measure-
ments performed for all samples, spanning a period of roughly
700 d.

After extended storage the carrier densities for samples kept
in ambient or oxygen absorber have changed drastically. They
are already too low (~10'" cm™2) or too high (~10'> cm~2)
for proper quantization in typical operating conditions of 2 K,
5T, and 23 pA bias. This means that these storage techniques
are not suitable for long-term storage.

The samples kept in silica gel show signs of drift, espe-
cially for the Cree sample. While the drift can be significant,
the samples can still be used for precision measurements in
our typical operating conditions for a prolonged time. For the
Atecom sample, the overall drift appears to be low, but the
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Figure 3. (a) One of the precision cryogenic current comparator (CCC) measurement of chemically doped epigraphene samples kept in
ambient versus standard resistor with nominal value of 100 €2, which shows the relative deviation of the 100 €2 standard from its nominal
value at B= 5T and T = 2 K. (b) Allan deviation follows 1/£'/> (blue line), where ¢ is the elapsed time, which indicates that white noise
dominates down to below 1 nQ2 Q™. (¢) and (d) are the precision measurements taken for samples kept in different environments shows the
mean relative deviation between each sample and the 100 €2 standard resistor. Each point in (c) and (d) is the mean of over 60 CCC-series
(like those in a), and error bars represent the standard type A uncertainty, derived from Allan deviation (like (b)) at 10* s for each
measurement. The grey shaded area is the one standard deviation from the weighted mean (black line) of all data points.

variance between the measurements is very high, indicating
some instability. Combined with the clear drift in the Cree
case, the silica gel storage is serviceable, but non-ideal.

The most stable storage solution is the mixture of oxy-
gen absorber and desiccant. In both cases, the drift appears
to be low, with a slow increase in n-doping over time.
The relative change in the carrier density per day is within
(0.0027 £ 0.0082) % for Cree and within (0.0048 + 0.0029)
% for Atecom. All errors in this work are given with coverage
factor one (k = 1) unless stated otherwise. The degree of stabil-
ity compares favorably to the current best method of storage
in nitrogen environment, which has a relative drift of 0.02%
per day [11].

5. Initial precision measurements

Additionally, we complement the simple Hall measure-
ments with precision comparison measurements between epi-
graphene QHRs in quantized regime with an established con-
ventional resistance standard, to verify that the quantization
accuracy is maintained over time. Prior to precision measure-
ments, each Hall bar has been characterized in accordance with
established guidelines [18]. Contact resistances were meas-
ured using 3-probe configuration and were all below 2 2 (this

value includes the lead resistance of around 1.5 Q) [17-19].
Longitudinal resistance Ryy was measured using a nanovolt-
meter setup, and was limited to a noise floor of 100 nV, lead-
ing to a Rxy below 0.1 m{2 at least. For precision compar-
ison measurements we utilize a cryogenic current comparator
(CCC) to compare epigraphene QHRs (measured at 2 K, in
dry cryostat Teslatron) with an established conventional 100 2
(Tinsley make). The 100 €2 standard has a well-known history,
with decades of data against various QHRs, and is extremely
stable short term (standard deviation below 10 nQ2 Q! noise
can be averaged down to 1 n)2 2~ 1), with a well-characterized
slow long-term linear drift (relative change of nominal value
less than 2 nQ2 Q! per 100 d). We utilize this 100 €2 to indir-
ectly compare the epigraphene QHRs to each other. All CCC-
measurement use a bias current of / = 23 pA for the QHRs,
and 3 mA for the 100 2 standard.

Figure 3 shows the initial precision measurements at the
beginning, when all samples have comparable carrier dens-
ities 1-2 x 10'"' cm™2. Figure 3(a) shows an example of a
CCC-measurement campaign, where one epigraphene QHR
was compared to 100 2. The measurement assumes that the
QHR has an exact resistance value of 1/(2¢?), where A is the
Planck constant. The CCC will then provide a measure of
the relative deviation of the 100 €2 standard from its nominal
value of 100 (2. Each point represents a measurement series
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Figure 4. (a) Precision cryogenic current comparator (CCC) measurement taken for one of the stable samples (Atecom) kept for 700 d in
the mixer of O, absorber + silica gel versus standard resistor with nominal value of 100 €2, which shows their relative deviationat B=6T
and T = 2 K. (b) Allan deviation follows 1/t (blue line), which indicates that white noise dominates and limits the measurement
uncertainty to 1 pQ2 Q~'. (c) shows mean relative deviation between sample and 100 Q standard resistor. The grey shaded area is the one
standard deviation from the weighted mean (black line) of all data points.

of roughly 15 min, which includes polarity switches to cancel
thermal voltages. The error bars represent one standard devi-
ation. From this data the weighted mean is calculated, which
is —4.4674 uQ Q! with standard deviation of weighted mean
of 0.0041 uQ) Q~'. The exact calculations are described in
related works [14]. Figure 3(b) shows the corresponding Allan
deviation analysis [20] (using overlapping Allan deviation as
in [14]). The blue line is a fit to 1/f'2, where ¢ is elapsed
measurement time. This line indicates pure white noise beha-
vior, and we can see that white noise dominates down to
below 1 nQ2 Q~!, which is an acceptable uncertainty limit for
quantum resistance metrology.

Figures 3(c) and (d) shows a summary of comparison meas-
urements for the four of each Atecom and Cree chips respect-
ively, derived from data like in (a). Each point is the weighted
mean relative deviation of the 100 §2 standard from its nom-
inal value, and each error bar is the standard deviation of the
weighted mean, limited by Allan deviation for each meas-
urement campaign (at 10* s). All the points agree with each
other within the expanded type A uncertainty. This supports
the fact that all eight samples are quantized. The black line
represents the weighed mean of the chips, and the grey zone
represents one standard deviation of the weighted mean. The
corresponding values are shown in the figures with arrow
pointing to the line corresponding to the weighted mean.

Note that the slight difference in weighted mean values of
the relative deviation of the 100 €2 standard when measured
via Atecom or Cree is within the expected drift and short-term
instability of the 100 €2 over two months (see figure 5).

6. Effects of long-term storage on quantization

Figure 4 shows precision measurements for one of the
samples kept in the most stable environment: desiccant/oxy-
gen absorber mixture.

While these samples showed very low drift in carrier dens-
ity over time, we also wanted to rule out the possibility that the
sample has degraded in other ways. We performed a new set
of precision measurements after an extended storage period,
again using the stable 100 €2 standard, to verify that no detri-
mental changes occurred in the sample which spoils quantiza-
tion accuracy (e.g. increased charge inhomogeneity).

Precision measurements taken at three different mag-
netic fields show that the sample is well-quantized. The
weighted mean and standard deviation of weighted mean
is (—4.4485 £ 0.0020) uQ2 Q~'. The relative deviation
from this set of measurements is also in good agreement
with the value of the 100 Q standard when compared to
other QHRs (see figure 5). We can conclude that there is
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Figure 5. (a) Precision CCC measurement of 100 €2 resistance standard compared against various standards. The comparison
measurements were formed against various graphene quantum Hall resistance (QHR) standards (‘Other QHR’), quantum Hall array
resistance standard (QHARS), and the Cree and Atecom samples described in this work. Slope of the mean relative deviation between

100 €2 standard compared to various QHRs over three years indicate that the drift in the 100 Q2 resistor is on the order of 2 nQ2 Q! per

100 d. The error bars represent one standard deviation. (b) shows the direct comparison precision measurements between graphene quantum
Hall arrays stored in desiccant/oxygen absorber environment. The grey shaded area is one standard deviation from the weighted mean
(black line) of all data points. The mean relative deviation between the QHARSsis within 0.03 nQ Q! with an uncertainty of 0.6 nQ Q'

no detrimental long-term effect of sample storage in desic-
cant/oxygen absorber mixture thus far.

Note that the other storage techniques such as oxygen
absorber or ambient resulted in significant drift of carrier dens-
ity and those samples can no longer be measured under stand-
ard operating conditions in our laboratory. The carrier density
was either too low to allow for sufficiently high bias currents
(at least 23 pA), or too high for operation below 12 T (max-
imum field of our magnet).

Figure 5(a) shows a summary of numerous precision
comparison measurements between the 100 2 standard and
various graphene QHRs taken over approximately 3 years.
The black data represent comparison measurements between
the 100 © standard and QHRs not discussed in this work
(roughly 10 samples total, similar to those described in [11]).
The green and blue data are the Cree and Atecom samples
respectively. In general, all measurements follow the slow
linear long-term drift of the 100 2 standard of approxim-
ately 2 nQ) Q~! per 100 d. The short-term stability (e.g.
due to temperature and pressure fluctuations) of the stand-
ard can be significantly worse and is included as noise in
the measurements, giving a typical standard deviation of up
to 10 nQ Q~! for the mean relative deviation from nom-
inal value. The inherent instability of the 100 2 limits the
ultimate precision with which we can compare the quantiz-
ation for Cree and Atecom samples, and how it develops over
time.

As a final test we have also employed the recently
developed graphene quantum Hall array resistance standard
(QHARS) [14], with array resistance close to 109 2 and con-
sisting of 236 connected Hall bars. These arrays were stored
in a similar desiccant/oxygen absorber environment and allow
for more precise comparison measurements to 100 €2 standard

(red data in figure 5(a)), which provides additional support
for the long-term stability of the quantization accuracy of the
sample stored in the mixed desiccator/oxygen absorber envir-
onment. Furthermore, the arrays were also used to perform
direct comparisons between quantum standards. The group of
data attributed to ‘Other QHRS’ represent comparison meas-
urements of the 100 2 standard against various QHRs not
explicitly mentioned in this work. They are also not all stored
in a controlled environment. This data set allows us to observe
the long-term drift of the 100 €2 standard. Figure 5(b) shows
the direct comparison measurement between two QHARSs
(on the same chip) after long-term storage in mixed envir-
onment. Due to the direct comparison between arrays with
1:1 ratio, the noise in this type of measurement is very low,
and the uncertainty can approach 0.1 nQ Q~! with sufficient
averaging [14]. The resistance value of the QHARSs also
have no inherent drift, so any discrepancy in quantization can
be attributed to sample degradation. The data shows that the
relative deviation between the QHARSS is zero within the
noise level of 0.6 nQ Q~! for over 225 d and counting. We
can therefore conclude that there is no discernable degrada-
tion of the quantization accuracy at the sub part-per-billion
level for samples stored in oxygen absorber and desiccant
mixture.

7. Discussion

Our observations reveal that ambient exposure induces large
amounts of p-doping to the samples (all our samples start out
as n-doped), consistent with existing reports in literature [12].
Moisture from ambient is one key contributor to p-doping. The
result is that after 700 d all samples kept in ambient are close to
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the charge neutrality point and unsuitable for use in precision
measurements.

The desiccant removes moisture, it is therefore expected
that stability should improve. We do observe increased stabil-
ity compared to ambient, but with some noticeable drift still,
and with some volatility in the carrier density. We attribute this
behavior to imperfect sealing of the bottles (i.e. leakage), as the
trend in general is still that p-doping increases over time. The
samples could survive for an extended period, but the volatility
in carrier density is undesirable. The bottle and caps used in
this work have no special seals or linings, which leaves room
for future improvement.

Storage in oxygen absorber yields opposite results, with
an extremely strong n-doping effect over time. The samples
quickly become unviable for QHR measurements due to high
n-doping levels. Our samples are encapsulated with polymer
and uses molecular dopants FATCNQ to p-dope epigraphene.
The exact interaction between polymer, dopant molecules, and
oxygen absorber are complicated and unknown to us at this
point. Note that the p-doping effect that iron has on graphene
is known [21], and the FATCNQ-molecules strongly interact
with metals [13]. The observed n-doping could be that the
efficacy of FATCNQ is reduced due interference from iron
particles and/or the iron particles provide strong doping by
themselves. Both the chip and sample holder have a notice-
able red hue after long-term storage, indicating the adsorption
of rust particles on all surfaces. While the exact mechanism
of n-doping from oxygen absorber needs further investigation,
the doping effect is extremely prominent, with 500%—-600%
increase in n-type carriers after 700 d. This is by itself an inter-
esting observation and could be leveraged for carrier density
control in the future.

The oxygen absorber mixed with desiccant provided the
most consistent and stable storage environment. The strong
n-doping effect of the oxygen absorber is clearly being sup-
pressed by the desiccant. We employ a food-grade oxygen
absorber which relies on moisture to function. The oxygen
absorber sachets already have water in them to aid in this reac-
tion. The presence of desiccants removes most of this water
which greatly slows down the formation of iron oxides, the
likely culprit behind the strong n-doping. We know that a sig-
nificant amount of water is being absorbed by the desiccants
since they get saturated and turn white immediately in the
presence of the oxygen absorber sachets (see figure 1, fourth
bottle). Contrast this to the pure desiccant bottle, which retains
the yellow color even after 700 d due to the limited amount of
available moisture.

Due to the saturation of desiccant beads, the oxygen
absorber could still have some moisture remaining. It could
also receive additional moisture from leaks in the bottle caps
and/or when the bottles are opened to retrieve the samples.
Whatever small amount of moisture is left, it is enough to
activate the oxygen absorber and provide a weak n-doping
effect which compensates the slow p-doping effect seen in
storage in pure desiccant environments. The optimal ratio
between desiccant and oxygen absorber needs to be investig-
ated in future work.

We have tried two different ratios of desiccant and oxygen
absorber. The one discussed above and shown in figure 1, and
another larger bottle with the ratio of desiccants to oxygen
absorber increased two-fold (QHARSs were stored in this).
All the beads in the bottle with increased desiccant content are
still orange, which means that they have not been saturated.
We speculate that even if the desiccant removes all the initial
moisture from the oxygen absorbers, whatever extra moisture
is introduced via leaks or when opening the bottle activates
the oxygen absorber again. This n-doping effect automatic-
ally compensates the p-doping effect of the increased mois-
ture, leading to the long-term stability in carrier density that
we observe. The challenge in controlling the stability of the
QHARS is that any minor deviation in device homogeneity
of any individual Hall bar out of 236 will be detrimental to
the final array accuracy. However, the precision measurements
reveal that the QHARSsamples show excellent long-term sta-
bility, which proves the efficacy of the storage technique for
all 236 Hall bars.

From the drift of carrier densities we also observed that
the Atecom samples are more stable compared to Cree in
general. We indirectly observed this during the fabrication
step. Due to the difference in substrate types, the initial dop-
ing levels are likely different for the samples. Although all
samples used the same molecular dopant method [11, 13],
it took different thermal annealing times to reach compar-
able carrier densities of 1-2 cm™2 x 10'' cm™? (n-type). The
Atecom samples experienced twice the annealing time com-
pared to Cree. We have previously observed that extended
annealing can improve stability of molecular doped samples
[22], and the stability of Atecom samples could be due to
a related phenomenon. However, extended thermal anneal-
ing would historically remove most of the p-doping effect of
molecular dopants, which is not the case for Atecom samples.
We observe that the samples are difficult to thermally anneal to
higher n-doping levels, indicative of high stability of dopants.
The interaction between vanadium doped SiC substrates and
molecular dopants warrants further investigations to under-
stand the nature of increased doping stability. More studies are
also needed to investigate the advantages of vanadium doped
substrates for more stable graphene devices.

8. Conclusion

In this paper, we studied four different inexpensive storage
solutions and their influence on transport properties of poly-
mer encapsulated molecular doped graphene over 700 d. We
have found that mixture of oxygen absorber and desiccant
provides reliable, and highly stable storage solution for the epi-
taxial graphene QHRs, which can be easily incorporated in any
situation which requires low maintenance and long-term sta-
bility of the sample. The stability is comparable to the current
state-of-the-art storage techniques which use nitrogen atmo-
sphere. The proposed storage method using desiccant/oxygen
absorber mixture in a sealed glass bottle offers a simple and
practical alternative which is widely available.



Metrologia 60 (2023) 055009

N Shetty et al

Further studies are required to understand the nature of
reaction between the storage chemicals, molecular dopants,
and substrate type to fully understand the principles behind the
stability of the electronic properties of graphene devices. Such
investigations would aid in the optimization of simple storage
techniques and allow for graphene QHR standards to reach
long-term stabilities comparable to GaAs-based systems.
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