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ABSTRACT 
 

GaAsP nanowires (NWs) containing a range of different heterostructures are shown to be a highly promising system for 
the fabrication of efficient and novel ultra-small light emitters. NWs containing GaAs radial quantum wells (QWs) have 
emission with high thermal stability, due to both large electron and hole confinement potentials. A structure containing 
three QWs exhibits very low threshold lasing at low temperatures. Within the GaAsP central region of the same NW, the 
formation of quantum wires (QWRs) on three of the six vertices is observed, these QWRs are aligned parallel to the NW 
axis. The presence of twins causes a 180 rotation of the crystal about the growth axis, breaking the QWRs into short 
sections which may act as quantum dots (QDs). Optical studies of the NWs support the formation of optically active QWRs 
and QDs. In a second type of NW, during growth of the GaAsP NW core the introduction of a short GaAs section forms a 
QD. The inclusion of up to 50 QDs with high structural and optical quality is shown to be possible; indicating the potential 
for the fabrication of QD lasers. A structure with only one QD exhibits a single sharp emission line and behavior consistent 
with single exciton recombination. The addition of passivation layers, grown as a shell on the NW core, is shown to be 
essential in obtaining good optical properties. Our studies hence demonstrate that GaAsP-GaAs NWs containing 
heterostructures have significant potential for a range of novel light emitting applications.    

Keywords: Nanowires, GaAsP, lasers, quantum wells, quantum dots, quantum wires, III-V 
 

1. INTRODUCTION  

Semiconductor nanowires (NWs) provide a very different architecture in comparison to more common thin film growth1,2,3. 
Advantages include a much larger surface area, reduced material consumption, the intrinsic formation of an optical cavity, 
placement at predefined positions, and the ability to incorporate high levels of strain without the formation of dislocations. 
The latter allows increased choice of material combinations and growth on a wider range of substrates, for example III-V 
NWs on Si4,5,6. Whilst initial work concentrated on the growth and study of pure NWs, more recently there has been 
significant interest in the incorporation of heterostructures for increased functionality7. For example, radial quantum wells 
(QWs)8 or axial quantum dots (QDs) 9 have been added to NWs and employed as both ultra-small lasers4 and non-classical 
light emitters10,11. In addition, observation of unintentional heterostructures, including both QDs12,13,14,15,16 and quantum 
wires (QWRs)15 forming on the vertices of NWs, has been reported. 

There are a number of requirements for optimized performance when designing NW heterostructures for light emission 
applications. These include large electron and hole confinement energies, the absence of a central core having a lower 
band gap than the emitting region, which otherwise acts as both an absorbing region and carrier reservoir, low defect 
densities and the ability to add effective surface passivation. In this paper, we show that the GaAsP-GaAs system is a very 
promising candidate for the growth of high structural and optical quality NWs containing heterostructures for application 
as photon emitters. Multiple radial GaAs QWs can be incorporated within GaAsP NWs and demonstrate lasing at very low 
pump powers. QWRs and QDs form spontaneously during the growth of the central region of GaAsP NWs. These QDs 
appear to be unique to the current system and arise from the formation of QWRs on only three of the six vertices and the 
influence of crystal twins.  Finally, intentional GaAs QDs can be added to the core of the GaAsP NWs by switching the 
sources during growth. Surface passivation layers, added as shells to the core, are found to be necessary to achieve high 
optical quality. 
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2. EXPERIMENTAL RESULTS  

 
2.1 Growth and Experimental Details 

GaAsP NWs were grown without the use of a foreign metal catalyst, instead using native Ga droplets. All samples were 
grown by solid-source MBE on p-type Si(111) substrates17. The basic radial QW structure, containing a single radial well, 
was based on a GaAs0.62P0.38 core, grown for 1.5 hr at a temperature of ~640 C. Following the core growth, the Ga droplet 
was consumed and growth changed from axial to radial. Two radial GaAs0.54P0.46 shells were grown separated by a ~10 
nm GaAs QW. No surface passivation was added to this sample. To achieve lasing additional gain material is required, 
and for this purpose NWs containing three QWs were grown. Here the core consists of GaAs0.38P0.62 and the active region 
consists of three GaAs QWs, separated by GaAs0.53P0.47 barriers. To passivate the surface additional Al0.5Ga0.5As0.53P0.47 
and GaAs0.53P0.47 shells were added. The diameters of the single and three QW containing NWs were 130 and 400 nm, 
respectively, and typical NW lengths were 5-6 and 9-10 m, respectively18,19. Structures with intentional axial QDs were 
fabricated by switching the P source off to form GaAs for a short section during the GaAsP core growth. Here the height 
of the QD is determined by the GaAs growth time and the lateral dimensions by the diameter of the NW core. Samples 
with either one or fifty QDs were grown. Samples for structural studies consisted of just the core but for optical studies it 
was found necessary to add similar surface passivation layers as those used for the radial QW containing structures. 

Transmission electron microscopy (TEM) structural measurements were performed on NWs mechanically transferred onto 
a holey carbon support. Samples for cross-sectional TEM were obtained by microtome slicing of NWs embedded in low 
viscosity (LV) resin. TEM measurements were obtained using JEOL 2100 and doubly corrected ARM200F microscopes, 
both operating at 200 kV. 

Micro-photoluminescence (-PL) measurements of single NWs were obtained following mechanical transfer and spatial 
dispersal on a new Si-wafer with the NW axis parallel to the wafer surface. PL was excited with a 515 nm continuous wave 
(cw) diode laser, focused to a spot size of ~ 1 m diameter with a 20x long working distance microscope objective. 
Measurements were performed with samples in a He cryostat with a base temperature of 6K. The emitted PL was dispersed 
by a 0.75 m spectrometer and detected with a liquid-nitrogen cooled CCD. The high intensity pumping required to achieve 
lasing action was provided by a pulsed 640 nm diode laser with a pulse length of 80 ps and repetition frequency of 80 
MHz. The incident laser light was focused to a line (30 x 1.4 m2) using a cylindrical lens to ensure photo-pumping of the 
whole NW. 

 

2.2 GaAsP NWs containing GaAs QWs 

Figure 1 shows a typical -PL spectra at 6K for the NW containing a single GaAs radial QW. At long wavelengths (~740 
nm) the intense emission is due to the QW. The weaker emission in the range ~610-670 nm arises from the GaAsP barrier 
and is discussed in detail in the following section. With increasing temperature, the intensity of the QW emission decreases 
as carriers are thermally excited out of the QW. From macro-PL measurements of a large number of NWs on the original 
substrate, a large activation energy of 125 12 meV for the quenching of the PL is determined. Simulations of the electronic 
structure using nextnano software20 give separations between the lowest energy QW electron and hole states and relevant 
barrier band edges of ~ 115 and 300 meV, respectively. Hence, the measured activation energy is close to the smaller of 
these two separations, which is that of the electrons. In the current structures both energies determining electron and hole 
loss from the QW are relatively large (~ 115 and 300 meV). This is a significant advantage for devices required to operate 
at elevated temperatures and is a result of the mixed group-V nature of the GaAsP-GaAs system and the large compressive 
strain applied to the GaAs QW which further increases confinement. 
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Figure 1. 6K -PL spectra of a single GaAsP NW containing a single GaAs QW. 

To obtain lasing from a NW with a QW active region, more than one QW is required to achieve sufficient gain. Thus, a 
sample was grown with three nominally identical QWs and with additional surface passivation layers. Figure 2 (a) shows 
a cross section annular dark field (ADF) scanning transmission electron microscopy (STEM) image with an overlaid energy 
dispersive x-ray (EDX) map of P from a NW with this structure. The hexagonal NW cross section and the three GaAs 
QWs are clearly visible. Figure 2 (b) shows the composition profile for As, P and Ga elements along the arrow indicated 
in Figure 2 (a). The QWs exhibit a width inhomogeneity, which is caused in part by shadowing effects from randomly 
positioned surrounding NWs. Improved uniformity should be achievable by growing on pre-patterned substrates to ensure 
an increased and uniform spacing between NWs. Even though the strain of the QW is relatively high (~1.7%), there is no 
evidence of strain-induced line or loop-type dislocations. 

 

 

Figure 2. (a) Cross sectional ADF STEM image of a GaAsP NW containing three radial GaAs QWs. The lower right hand 
side shows the P elemental map. The QWs are visible as the pale regions (darker regions in the elemental map) and the 
AlGaAsP appears as the outer darker band. (b) Compositional profiles for Ga, As and P recorded along the arrow indicated in 
(a).  

Figure 3 (a) shows QW emission spectra recorded at different positions along the length of a NW containing three QWs. 
The emission is relatively uniform, although there is some sub-structure which may indicate the presence of different well 
widths, as in Figure 2. No emission is observed for excitation at one end of the NW, this is attributed to the presence of 
defects in the NW tip21. Figure 3 (b) shows power dependent -PL spectra for excitation in the middle region of a NW. 
The QW emission exhibits a broadening towards higher energy with increasing laser power, consistent with carrier state 
filling of the QW.  
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Figure 3. (a) 6K -PL spectra recorded at different positions along the axis of a GaAsP NW containing three GaAs QWs. The 
spectral window corresponds to the emission from the QW. (b) Power dependent -PL spectra of the QW emission. 

To achieve lasing, higher carrier densities are required than that can be provided by a cw laser. Therefore, a pulsed laser 
was used which is able to provide significantly higher peak powers and hence larger excited carrier densities. Figure 4 (a) 
shows spectra recorded for increasing pump power and for a sample temperature of 6K. Initially there is a further state-
filling shift to higher energy followed by the emergence of Fabry-Pérot cavity modes. At the highest pump powers, the 
intensities of a small number of cavity modes increases super-linearly, indicating the onset of lasing. Figure 4 (b) plots the 
intensity of the strongest mode as a function of pump pulse energy density, the pump fluence. At 6K the data indicates a 
lasing onset of ~ 20 J / cm2 / pulse. With increasing temperature the threshold increases, reaching a value of ~ 50 J / 
cm2 / pulse at 100K. No lasing was observed at higher temperatures as a result of the threshold exceeding the maximum 
pump power of the current laser.   

 

Figure 4. (a) -PL power dependent spectra for high carrier densities at 6K. (b) Pump fluence dependence of the intensity of 
the strongest cavity mode at three temperatures: 6, 50 and 100K. 

 

Comparison with previous reports of lasing from NWs, containing either QWs or QDs, is complicated by the different 
experimental conditions used, particularly the excitation wavelength and the extent to which this is absorbed by the sample. 
In the current experiments the red pump laser has a photon energy below the GaAsP barrier bandgap and so only weak, 
direct absorption by the three GaAs QWs occurs (estimated at ~ 5%). Available previously reported values include: 19 

720 740 760 780 800

E
m

is
s
io

n
 I

n
te

n
s
ity

 (
a
rb

. 
u

n
its

)

Wavelength(nm)

0.1-300W

(b)

740 760 780

0.0m

E
m

is
s
io

n
 I

n
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Wavelength (nm)

9.3m (a)

720 740 760 780

E
m

is
s
io

n
 I

n
te

n
s
it
y
 (

a
rb

. 
u
n
it
s)

Wavelength (nm)

1.8 - 49 J/cm2/pulse

T=6K(a)

L
ig

h
t 

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Pump Fluence (Jcm-2)
0 10 20 30 40 50 60 70

(b)

6K
50K
100K

Proc. of SPIE Vol. 11291  112910J-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

 

 

 

 

J/cm2/pulse at 80K for a AlGaAs/GaAs single QW22, 400 J/cm2/pulse at 10K for a GaAs-InGaAs multiple QW23, 43 
J/cm2/pulse at 300K for a GaAs-AlGaAs multiple QW24 and 25 J/cm2/pulse at 7K for a GaInAs-GaAs QD structure25. 
Hence, the current results are competitive with previous reports, with the exception of the highly optimized lasers of Ref 
24. Further significant improvement of the nanowires is expected via additional growth optimization. This could include 
the removal of defects from the tip of the NW, which may act as non-radiative recombination centers, improving the QW 
homogeneity by growing the NWs on pre-patterned substrates, improving the Ga droplet removal, which is believed to 
result in a poor quality upper facet, and optimization of the number and placement of the QWs. In addition to the strong 
electron and hole confinement, which should aid high temperature operation, the current system has the additional 
advantage of high compressively strained (estimated to be ~ 1.7%) QWs. For planar lasers compressive strain has been 
shown to be advantageous in increasing the heavy-light hole separation and modifying the in-plane hole mass, allowing a 
given gain to be achieved at a lower carrier density26. Furthermore, the GaAs QWs, which act as the gain material, 
represents the lowest band gap region in this system. This is advantageous compared to material systems such as AlGaAs-
GaAs, which has a core with a lower bandgap than that of the gain region. In this case the core acts as both a carrier sink 
and photon absorbing region, both these loss mechanisms will degrade device performance. 

 

2.3 Self-Forming Quantum Wires and Quantum Dots in GaAsP Nanowires 

Figure 5 (a) shows an ADF STEM cross sectional image of a GaAsP NW containing a single GaAs QW. Similar to Figure 
2(a), the regions with a higher P composition appear darker. Clearly visible is the single radial GaAs QW which appears 
as a paler band.  

 

 

Figure 5. (a) ADF-STEM cross sectional image of a GaAsP NW containing a single radial GaAs QW. Self-formed structures 
within the nominally uniform GaAsP core and shell results in the formation of three QWRs running parallel to the axis of the 
NW. (b) Schematic diagram showing the main structure of the QWRs and relevant crystallographic directions. 

Within the central region of the NW are triangular regions, formed at three of the six vertices of the NW. These have a 
lower P content than the surrounding, darker GaAsP regions which are formed by shell growth on two sides and a P rich 
band on the inner side. Detailed analysis reveals that these three regions are formed along <112> B directions, as indicated 
in the schematic of Figure 5 (b). Similar triangular shaped regions are present in images recorded from closely spaced 
points along the length of the same NW, confirming that these features run along the length of the NW. Compositions 
extracted from EDX measurements confirm that the triangular regions have a lower P composition than the surrounding 
material. As the band gap of GaAsP increases with P content, the triangular regions form a lower bandgap structure 
embedded in a higher bandgap matrix, and hence may act as QWRs running parallel to the axis of the NW. The 
compositions of the different regions exhibit significant inter- and intra-NW variations. Whilst the P composition of the 
shell is fairly constant at ~47%, the P composition of the core varies between ~ 35 and 43% and that of the triangular 
region (henceforth referred to as a QWR) varies between ~30 and 45%. Calculations were performed using nextnano20 
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software for a range of parameters for the core, QWR and P rich-band compositions and QWR height.  These calculations 
demonstrate that for most combinations, the QWR is able to localise both electrons and holes, and hence potentially behave 
as an optically active QWR. 

 

 Figure 6. (a) TEM image showing the presence of twin boundaries which start to appear in the middle third of the NW and 
increase in frequency towards the tip. (b) Schematic diagram showing the effect of a twin on the structure of a [111] NW. 
The twin results in a 180 rotation of the crystal around the [111] axis. (c) Schematic showing the formation of QDs via 
twinning of the QWR. 

Structural studies (Figure 6 (a)) reveal twin boundaries which start in the middle third of the NW and increase in frequency 

towards the NW tip. A twin which is normal to the [111] NW growth direction produces a 180 rotation of the crystal, 

as shown in Figure 6 (b). As QWRs only occur on three of the six NW vertices, this has the effect of breaking up the 
QWRs into short sections, as shown in Figure 6 (c). These short QWR segments can act as optically active QDs if two 
conditions are satisfied. First, the triangular regions must be sufficiently small that when rotated there is no spatial overlap 
between segments from the adjoining twin, and second, the core P content must be higher than that of the QWRs in order 
to provide three-dimensional carrier confinement. If these conditions are satisfied then the short QWR segments may act 
as QDs, with carrier confinement in all three spatial directions. nextnano simulations indicate that for an 8 nm high QD 
the additional confinement compared to that of the QWR is of order 90 meV. 

Figure 7 shows 6K -PL spectra recorded at regular intervals along the axis of a NW which showed emission when excited 
around 1 – 2 µm from the base and for the spectral region corresponding to the GaAsP emission. The emission consists of 
a relatively small number of sharp lines (linewidths as low as ~ 80 eV are observed), whose relative intensities vary with 
the position of the exciting laser. The most consistent and strongest emission occurs for the line at 648 nm, this is observed 
along the whole length of the NW. The intensities of lines to longer wavelengths show a similar positional dependence, 
indicating a common origin. Lines to shorter wavelengths are typically only observed when exciting close to the central 
region of the NW and exhibit a stronger variation in intensity with respect to excitation position. There is also a weak, but 
broad, background between ~630-700 nm which may arise from the GaAsP NW core. Emission is weaker towards both 
the base and the tip of the NW, probably a result of non-radiative recombination at the broken and defective ends of the 
NW. 
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Figure 7. 6K -PL spectra recorded for different positions along the NW axis for the spectral region corresponding to the 
GaAsP emission. The final spectrum has been magnified to show more clearly the broad emission between ~630-700 nm. 

 

 

Figure 8. (a) Temperature dependent -PL spectra. The inset plots the integrated intensity of two representative lines from 
the spectral regions ~650 nm and ~ 615 nm. (b) Power dependence of the emission intensities of two of the sharp lines 
observed in the spectra of Figure 7. 

Figure 8 (a) show -PL spectra recorded as a function of temperature over the range 6 to 100K. In the inset the intensities 
of two representative lines, one at short the other at longer wavelength are plotted against temperature. The intensity of 
lines at 640 nm and above are relatively insensitive to temperature, still being observed at 100K. In contrast, lines below 
640 nm quench fully by 25K. In addition, the emission of the longer wavelength lines is found to be polarized along the 
NW axis, whereas the shorter wavelength lines can show a linear polarization axis inclined by as much as 30 to the NW 
axis.  

Figure 8 (b) plots the intensities of the strongest emission line at 648 nm, and a shorter wavelength line at 614 nm, as a 
function of incident laser power. In common with the majority of lines, the emission at 648 nm shows an initial ( ~  3 nW)  

linear increase with power, followed by a saturation and then a decrease at high powers. This behavior is consistent with 
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single exciton emission from a QD-like state27. In contrast, some lines exhibit a quadratic or higher power variation (the 
614 nm exhibits an initial power dependence with an exponent of 2.3), consistent with higher order excitonic processes27. 
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The above optical data suggests the presence of two distinct types of emitting center arising from the GaAsP. Emission at 
640 nm and above occurs for excitation along the majority of the NW, is relatively insensitive to temperature and is 
polarized along the NW axis. In contrast, shorter wavelength emission is only observed for excitation in the middle region 
of the NW, is much more sensitive to temperature and has a more complex polarization behavior. The longer wavelength 
emission is hence attributed to the QWRs and the shorter wavelength emission to the QDs formed by the twinning induced 
truncation of the QWRs. The spectral separation between the two groups of emission lines is ~30-50 nm  ( ~90-150 meV), 
consistent with the difference between the calculated ranges of QD-QWR emissions for structures with typical 
compositions and dimensions experimentally observed. The fact that the emission attributed to the QWRs demonstrates 
QD-like excitation power dependent behavior may be explained by the presence of compositional and/or size fluctuations 
along the QWR axis, that result in a series of elongated segments which exhibit quasi-QD properties. 

Related to the current observation of triangular QWRs formed within GaAsP NWs is the observation of six QWRs formed 
in wurtzite GaN-AlN NWs28. In this system, QWRs form on all six identical vertices of the hexagonal NWs. In the current 
system QWRs form in only three of the six <112> directions, corresponding to the subset of <112> B directions of the 
zinc-blende crystal structure. This indicates a variation in growth between the <112> A and B different polar surfaces, 
which may include differences in growth rate, decomposition rate and diffusion lengths. Because QWRs are only formed 
on three of the six directions, this allows twins to break the QWRs into short sections, giving rise to the formation of QDs. 
Self-assembling QDs have been observed in other NW systems12,13,14,15,16,29,30 although formed by very different 
mechanisms.      

   

2.4 Axial GaAs QDs in GaAsP NWs 

By modulating the epitaxial growth during the formation of the NW core it is possible to introduce short GaAs segments 
into the GaAsP NW. If both the diameter of the core and the height of the GaAs are sufficiently small, the GaAs regions 
will form QDs. Unlike self-assembled growth, this technique gives greater control over the shape and size of the QDs, and 
the possibility to stack large numbers of essentially identical dots, which is a requirement for laser applications. To 
investigate the feasibility of stacking a large number of QDs, a sample was grown consisting of 50 GaAs dots in a 
GaAs0.6P0.4 NW. Figure 9 shows a TEM image of a section of a NW from this sample. The NW has a diameter of ~50 nm 
and the height of the QDs varies from 23 to 38 nm from the base to tip of the NW. The separation between QDs also 
increases from base to tip, with an average value ~ 150 nm. By modifying the growth conditions along the NW it will be 
possible to improve the uniformity of the QDs. The QDs are well defined and the interfaces between the GaAs and GaAsP 
are found to be quite sharp, with widths of ~6-13 monolayers.  

 

 

Figure 9. ADF STEM image of a section of a GaAsP NW containing 50 GaAs QDs. 

Figure 10 (a) shows -PL spectra for a structure similar to that of Figure 9, but with the addition of passivation layers 
grown around the NW core. The 50 QDs extend along a distance ~ 9 m and the total NW length is ~12-13 m. The 1 m 
diameter laser spot excites a minimum of 7 QDs, although this number could be significantly larger as a result of carrier 
diffusion along the NW axis. Relatively intense emission is observed in the region ~710-770 nm which is attributed to the 
QDs. Strong QD emission is observed as the laser spot is moved over a distance ~9 m, consistent with the known spatial 
distribution of the QDs.  The observation of strong PL over the entire QD region indicates that the majority of dots are 
optically active and that there is no increase in defects as successive dots are grown. This is in agreement with detailed 
structural studies of the NWs without passivation, which show 66% of the dots to be defect free, with the remaining dots 
containing small numbers of twinning planes, which are not expected to impact their radiative efficiency. 
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Figure 10. (a) 6K -PL spectra recorded at different positions along the length of a GaAsP NW containing 50 GaAs QDs. 
(b) Spectrum of a similar structure containing a single QD. 

The 50 QDs are not sufficiently separated to probe the properties of individual dots given that the minimum spatial 
resolution of the -PL is ~ 1 m. To observe a clear QD signature it is necessary to study a single dot. Figure 10 (b) shows 
a 6K -PL spectrum of a GaAs0.6P0.4 NW containing only one GaAs QD. The NW diameter is ~40 nm and the QD height 
is ~25 nm.  The spectrum is recorded for low excitation power, such that the carrier occupancy of the dot is very low (<<1). 
A relatively sharp, single emission line is observed, representing single excitonic recombination. To obtain this sharp 
emission, it is found necessary to add surface passivation layers to the NW core which minimize the influence of surface 
states on the QD. Linewidths as small as 500 eV are achievable at 6K. Power dependent -PL measurements demonstrate 
the expected behavior for excitonic emission, showing an initial linear increase with increasing power followed by 
saturation and then reducing intensity at high powers27. With increasing laser power additional lines, which show a stronger 
power dependence (quadratic or higher), appear, consistent with multi-exciton processes27. There is hence clear evidence 
for the formation of an optically active QD. As was found for the GaAsP-GaAs QW structures, the PL intensity is relatively 
stable with increasing temperature, a result of the large electron and hole QD confinement potentials. This further 
demonstrates the suitability of the GaAsP-GaAs system as the basis for ultra-small and novel light emitters operating at 
elevated temperatures. 

 

3. CONCLUSIONS 

GaAsP NWs have been shown to form high quality optical systems, suitable for novel light emitters operating at elevated 
temperatures. Radial GaAs QWs can be added to the NWs to form the gain region of lasers. A structure with three QWs 
exhibits a very low lasing threshold at low temperatures18. Advantages of this system include deep electron and hole 
confinement potentials and a high compressive strain applied to the GaAs QWs. QWRs and QDs are shown to form 
spontaneously between the core and the initial shell of the GaAsP NWs19. In contrast to previous reports, the QWRs form 
on only three of the six vertices. This allows the truncation of the QWRs to form QDs via the axial twin boundaries which 
rotate the crystal through 180. Intentional QDs can be added to the NW core by modulating the epitaxial growth. Unlike 
self-assembled QDs there is greater control of the dot size and shape, and stacking of large numbers of dots is possible. A 
structure with 50 optically active dots is demonstrated. Studies of a structure containing a single QD confirm the expected 
optical behavior. The GaAsP-GaAs NW system therefore has significant potential for novel ultra-small electro-optic 
devices operating well above liquid-nitrogen temperatures.  
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