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ABSTRACT 

This paper reports a lithography-based microfabrication 
process and the preliminary experiments for a recuperative heat 
exchanger intended for use in a Joule-Thomson (J-T) cryosurgical 
probe.  The heat exchanger must maintain high stream-to-stream 
thermal conductance while restricting parasitic stream-wise (axial) 
conduction losses. Rows of fins composed of high conductivity 
silicon are bonded onto a 100 µm thick base plate composed of 
low conductivity Pyrex glass. The heat exchanger has a footprint 
of 6 1.5 cm2 and 2.5 mm thickness, and is fabricated using a 5-
mask process. The fabrication process involves anodic bonding, 
deep reactive ion dry etching, glass frit bonding, electrochemical 
discharge drilling and several other steps, along with special 
features that compensate for manufacturing tolerances. Preliminary 
experiments include measurement of the thermal effectiveness in 
an ice-water bath, as well as evaluation of self-cooling with butane. 
The data suggest an optimal area of 0.2 mm2 for the expansion 
orifice. The primary performance constraint is imposed by the 
compromise between mechanical robustness and transverse 
conductance of the thin glass plate that separate the high pressure 
and low pressure sides. 

I. INTRODUCTION 

Cryosurgery has been used to treat several types of cancers 
including prostate cancer and liver cancer in the past three decades. 
In this medical procedure, cancerous tumors are locally destroyed 
by exposing pathological tissues to repeated freeze/thaw cycles [1]. 
The ablated tissue is subsequently absorbed or sloughed by the 
body.  By avoiding excision, operative blood loss and discomfort 
are minimized.  Even in the cases where excision is required, the 
growth of tumor cells that might escape during resection can be 
prevented by a pre-treatment on the tumors with the cryotherapy.   

Cryosurgery, which is competitive with other therapies, has 
been a standard treatment for cancerous tumors located in easily 
accessible areas of the body. Recent development of miniature 
cryoprobes with large refrigeration capacity [2-4] and techniques 
for real-time monitoring using ultrasound or magnetic resonant 
imaging [5-7] is allowing cryosurgical techniques to be extended 
to the treatment of cancers in areas that are not readily accessible 
[8].  In fact, this effort, which examines the possibility of 
fabricating cryoprobes with micromachining technologies, is 
motivated in part by the need of miniaturizing cryoprobes to a size 
that permits them to be inserted through a small incision. However, 
the performance of the cyroprobe must not be compromised in this 
scaling effort because the freeze region that surrounds the cold end 
of the probe is controlled by the refrigeration power and surface 
temperature attainable by the tip of the probe.  It is known, for 
example, that temperatures below -50°C are always necrotic for 
pathological tissue [9-11].  In addition, a rapid cool-down rate [1, 
12] between 25-50 °C/min. and multiple freeze-thaw cycles [13] 
are preferred to decrease the likelihood of cell survival. 

The ultimate goal of this research effort is to develop a fully 
integrated micromachined cryosurgical probe that has significant 

advantages over the conventional cryosurgical probe in terms of 
thermal performance, size, flexibility and cost.  The Joule-
Thomson cooling cycle (Fig. 1) can meet these requirements [14]. 
In this cycle, cold, high-pressure fluid leaving a recuperative heat 
exchanger expands through a valve, resulting in a temperature drop 
through the valve if the state of the fluid lies below the inversion 
curve before expansion. This paper describes the fabrication and 
preliminary experiments of one possible approach to the 
micromachined recuperative heat exchanger which utilizes a planar 
design and 5 wafers in a 5-mask process (Fig. 2). 
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Fig. 1: Joule-Thomson refrigeration cycle. High pressure fluid at state 
(1) passes through a counter flow recuperative heat exchanger, where it 
is pre-cooled by the low-pressure fluid returning from the refrigeration 
load. The cold high-pressure fluid leaving the heat exchanger at state 
(2) expands through a valve to state (3). The cold, low-pressure fluid is 
directed through the load heat exchanger where it is warmed by the 
refrigeration load to state (4) and then is fed back into the heat 
exchanger. 
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Fig. 2: Schematic diagram of micromachined Joule-Thomson 
cryosurgical probe. High pressure inlet fluid is obtained from external 
compressor. 

II. DESIGN AND FABRICATION 

One of the critical challenges in developing a micromachined 
J-T cooler is that the recuperative heat exchanger must maintain 
good stream-to-stream heat conductance while restricting parasitic 
stream-wise conduction losses. This requirement is necessary in 
order to have a large enthalpy difference between the two streams 
and thus achieve high cooling performance for the probe.  The 
planar, micromachined recuperative heat exchanger uses rows of 
fins that are composed of high conductivity silicon that is 
anodically bonded onto a very thin base plate composed of low 



conductivity Pyrex (Fig. 3). This design is in contrast to 
conventional cryogenic heat exchangers that use either perforated 
plate designs with oxygen-free high conductivity (OFHC) copper 
plates interleaved with stainless steel spacers or finned tube 
designs that use one or more finned tubes wound on a mandrel.  
Silicon has thermal conductivity that is similar to OFHC copper, 
and Pyrex has thermal conductivity that is an order of magnitude 
less than stainless steel; this combination of very high and low 
thermal conductivity suggests that a silicon and Pyrex composite 
heat exchanger will be attractive. In order to allow adequate 
thermal communication between the streams, preliminary 
modeling [15] and simulation of an optimized design [16] suggest 
that for a working pressure of 20 bar, the Pyrex base plate between 
the high pressure channel and low pressure channel can be no 
thicker than about 100 µm in order to provide adequate 
refrigeration power.  
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Fig. 3: Fin rows structure of the micro heat exchanger. 

There are five masks required for this process (Fig. 4):  
1) Two Si wafers of 200 µm thickness are bonded to a glass 

wafer of 100 µm thickness. The entire stack is loaded 
simultaneously into the bonding apparatus and heated to 400°C, 
before a 500 V bonding voltage is applied.  By sequentially 
reversing the polarity of the voltage source, both Si-Pyrex 
interfaces are bonded one-by-one.   

2) A 2 µm-thick layer of silicon dioxide is deposited on both 
sides of the Si surface using plasma enhanced chemical vapor 
deposition (PECVD).  This layer and a subsequent layer of 
photoresist will serve as masks in a two-step DRIE process. 

3, 4) The oxide layers on both sides are then patterned by 
reactive ion etching (RIE). 

5) A 10 µm thick layer of photoresist is then coated and 
patterned on the top side. A conformal thick resist layer is used to 
protect the oxide pattern in the next DRIE step. On the top side of 
the wafer, Si channels between each fin row are etched down 20 
µm by DRIE before the photoresist is stripped. This etch will 
ultimately lead to the creation of the basal strip along each row that 
is illustrated in the magnified part of Fig. 3.  It is needed in part to 
compensate for a DRIE artifact that is explained below, but also 
has the added benefit of strengthening the attachment of the fins to 
the glass base plate.  

6) A 10 µm photoresist layer is coated and patterned on the 
bottom side. On the bottom side of the wafer, Si channels between 
each fin row are etched down 20 µm by DRIE.  The photoresist is 
then stripped.  
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Fig. 4: Fabrication process flow of micro heat exchanger. 

7) Fin rows on the top side are etched and defined by DRIE 
with an oxide mask.  This is a high aspect ratio etch of 180 µm 
depth. The etch must clear the narrow regions between rows, etch 
between the tightly packed fins, and also clear the perimeter of the 
device, which has no masked features, and etches faster. 

Optimizing the DRIE chemistry is one of the significant 
challenges of the process for three reasons: (a) the relatively large 
size of the device and the narrow widths of the fins demands high 
uniformity over a large area; (b) the DRIE step must clear the 
narrow openings between rows and the wide spaces of the 
perimeter simultaneously; and (c) the termination of the etch on the 
glass layer sandwiched between the two Si layers causes a problem 
known as “footing,” which is the lateral spread of the etch profile 
once the insulating glass is exposed at the bottom of the trench [17].  
The two-step DRIE (in steps 5 and 7) is necessary to fabricate 
separated grooves on the high-pressure side, shown in Fig. 3, and 



compensate for the non-uniform etch rate due to the varying 
density of the features.  Due to micro loading [18, 19], the areas 
between fins and fin rows with small openings are usually etched 
more slowly than the area around the device with large openings. 
Since each fin row must be thermally isolated along the flow 
direction, the Si in the gap between fin rows must be completely 
etched away while the over-etch in the area around the device must 
be minimized to prevent the footing effect from damaging nearby 
fins. In step 5, the area between each fin row is etched down 20 
µm, allowing this densely packed region to be etched through fully 
during the DRIE in step 7. 

8) A glass cap (the fabrication of which is described 
separately, below) is bonded to the base plate with commercial 
glass frit tape (G1017, from Vitta Corp.) at 500°C so as to 
construct a sealed chamber on the high pressure side. A significant 
challenge in this step is patterning of the tape, which cannot be 
done lithographically.  In this effort, because of the large bonding 
area, the tape was cut and placed on the die manually. 

9) A similar DRIE process is completed on the low-pressure 
side afterward.  

10) Another glass cap is bonded onto the bottom side of the 
base plate using glass frit. 

The glass caps are fabricated from 1.1 mm thick Pyrex wafers.  
The Pyrex wafer is coated with 500 Å/5000 Å Cr/Au layer and 
then patterned with photoresist.  Using the metal layer as a mask, 
the wafer is immersed in the HF:HNO3 solution to create a recess 
that is 100 µm deep.  The photoresist and Cr/Au layer are removed 
after the wet etching.  Inlet and outlet holes are drilled with an 
electrochemical discharge drilling method [20].  This method 
provides a smooth and debris-free surface, but is a serial method, 
and is not performed lithographically.  An electrode needle is 
positioned in the proximity of the glass wafer while both are 
immersed in NaOH 30% wt. solution at room temperature.  A bias 
of 33 V permits a 1100 µm thick glass plate to the perforated in 
about 10 s. Figure 5 shows a fabricated micro recuperative heat 
exchanger.  The size of this device is 6 1.5 cm2 with 2.5 mm total 
thickness. 

 
 

a)  

b)  c)  

Fig. 5: a) The size of micro recuperator is 6 1.5 cm2 with total 2.5 mm 
thickness. Gap between each fin row is 51 µm. b) High pressure fin 
rows with 50 µm gap, fin size is 50 782 µm2, 200 µm high. c) Low 
pressure fin rows with 345 µm gap. Fin size is the same as high 
pressure fins. 

III. MEASURED RESULTS 

Two types of preliminary tests were performed. The micro 
heat exchanger was first tested in an ice bath (Fig. 6), with helium 
gas flowing through one side of the micro heat exchanger and ice 
water flowing through the other side. At the beginning of the test, 
the ice water inlet pressure was increased in order to match the 
helium inlet pressure, so that the pressures on either side of the 
heat exchanger were approximately balanced. This configuration 
provided essentially a constant, 0°C heat sink on one side so that 
the thermal effectiveness could be evaluated in this simple limit 
and compared with the numerical model of the device. 
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Fig. 6: Ice bath test setup of the micro heat exchanger. The temperature 
measurements use Type E thermocouples. 
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Fig. 7: Helium flow rate measured by the inlet and exit flow meters as 
a function of the helium inlet pressure for the high and low pressure 
sides.  
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Fig. 8: Helium exit temperature, relative to measured ice water 
temperature, as a function of flow rate (average measured by the inlet 
and exit flow meters) for the high and low pressure sides. 



 
Fig. 9: Self-cooling setup. Butane gas with regulated pressure is 
introduced from the inlet. The micro recuperative heat exchanger is 
mounted inside the header. The type E thermocouples are inserted into 
the high and low pressure taps to measure the gas temperature inside 
the tube. 
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Fig. 10: Temperature difference between cold end and inlet as a 
function of orifice area for three different inlet pressures. 
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Fig. 11: Temperature difference between cold end and inlet as a 
function of the inlet pressure for 0.2mm2 orifice area. 

Figure 7 illustrates the inlet and outlet flow rate measured for 
the high and low pressure sides of the device.  Note that the low 
pressure side of the micro heat exchanger allows much more flow 
for a given pressure difference due to the larger channels on the 
low pressure side.  The inlet and exit flow rates should be the same 
as there was no leakage observed during the testing; however, the 
difference is nominally within the uncertainty of the rotameters 
that were used. 

Figure 8 illustrates the helium exit temperature (relative to the 
ice water temperature) as a function of the helium flow rate (the 
average measured by the inlet and exit rotameters) for the two 
sides.  The helium inlet temperature was between 17-19°C for all 
tests and therefore the helium exit temperature is an indicator of 

the thermal performance of the heat exchanger: a lower helium exit 
represents better performance.  As expected, the high pressure side 
showed better performance than the low pressure side because the 
fin structure is more dense (Fig. 5). However, this difference is 
relatively slight because the dominant thermal resistance in the 
heat exchanger is the Pyrex plate. 

For the second test, the device was installed into a macro-
scale self-cooling system (Fig. 9). In this experiment, the heat 
exchanger is placed in a cavity within a piece of Styrofoam 
insulation and surrounded by fiberglass insulation.  The hot inlet is 
provided with a flow of butane from a high pressure bottle at room 
temperature.  The pressure, flow rate, and temperature (T1) of this 
flow are measured.  The high pressure butane passes through the 
heat exchanger where it is pre-cooled by the low pressure butane 
returning from the cold end.  The butane is expanded through an 
orifice (a precision jewel installed in a blank gasket) located at the 
cold end of the system; by varying the size of the orifice it is 
possible to control the flow rate through the heat exchanger.  The 
temperatures on either side of the orifice (T2 and T3) are measured 
using thermocouples that penetrate the butane stream. Figure 10 
illustrates the temperature difference between the cold end and the 
inlet as a function of orifice area for three different inlet pressures. 
The optimal orifice size is 0.2 mm2. The temperature difference as 
a function of inlet pressure for this optimal orifice is shown in Fig. 
11; the measured temperature difference matches the theoretical 
model assuming a parasitic heat loss of 40 mW. 

 

IV. DISCUSSION 

In addition to the challenges in the various steps identified in 
the design and fabrication section, the development of the 
fabrication process has yielded a number of important lessons. At a 
very basic level, the fragility of the 100 µm thick glass plate 
requires it to be bonded to at least one Si wafer as early as possible 
in the process. Another general challenge is the footprint of the 
device, which is so large that the possibility of a defect or non-
uniformity is high.  In the processing steps, as already discussed, 
the primary challenges include the double-sided bonding of the 
glass wafer; the DRIE sequence and its limitations related to 
overall uniformity, micro loading, and footing; the frit glass 
bonding; and the electrochemical etching.  However, reasonable 
solutions exist for each of these challenges, and a feasible process 
for manufacturing heat exchangers in this manner has been 
developed. 

The self-cooling data is limited to very small temperature 
differences relative to a practical device that is useful for 
cryosurgery.  This is due to the following reasons: 

1) The difference between the high and low pressures in the 
heat exchanger is limited by the structural integrity of the base 
plate.  The pressure difference anticipated for a cryosurgical probe 
may be as high as 1400 kPa (200 psi) whereas the testing was 
limited to 70 kPa (10 psi) in order to avoid fracturing the base plate. 
Theoretically, this thickness of the base plate should be able to 
sustain larger pressure differences, but in practice this is not true. 
A thicker base plate would provide greater structural integrity, but 
the increased transverse thermal resistance would further reduce 
cooling power. This design concept is not ideal if the base plate is 
made of Pyrex and an alternative material with a higher 
conductivity (optimal value is about 30 W/m-K) must be found to 
make this concept practical. 

2) The fin height of 200 µm is much smaller than the initial 
target of 500 µm. This modification was required by 
manufacturing constraints, but results in both a 2.5  reduction in 
heat transfer area as well as a 5  increase in the pressure drop. 



3) The structural integrity and hermeticity restrictions prevent 
installation in a thermal vacuum facility. Therefore, there is a 
substantial parasitic heat load on the device that prevents it from 
achieving very low temperature. 

The predicted and measured effectiveness as a function of 
mass flow rate (based on the hot side energy balance) is illustrated 
in Fig. 12. The effectiveness of the heat exchanger ( ) is defined as 
the ratio of the heat transferred within the heat exchanger to the 
maximum possible amount of heat that could have been transferred 
had the heat exchanger been perfect (i.e., the heat transferred if T4 
was equal to T1). The effectiveness can be computed based on 
either the hot- or cold-side balance ( h or c, respectively): 

,

,

HX h

h

HX max

q

q
=

&

&

 or ,

,

HX c

c

HX max

q

q
=

&

&

, 

where 
HX
q& is the actual heat transfer and 

,HX max
q& is the ideal heat 

transfer in perfect conditions. The error bars are theoretical errors 
based on the uncertainty in the thermocouple temperature 
measurements. Note that the error increases as the mass flow rate 
drops due to the smaller temperature differences that are required 
to compute the effectiveness. This measured result properly 
matches the theoretical model.  
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Fig. 12: Measured effectiveness based on hot side energy balance and 
the predicted effectiveness using the micro heat exchanger model as a 
function of the mass flow rate. 

V. SUMMARY 

A planar micro heat exchanger with a footprint of 6 1.5 cm2 
and 2.5 mm thickness was fabricated in a 5-mask process using 3 
glass wafers and 2 Si wafers. In our tests, the self-cooling 
performance of the micro heat exchanger was mainly limited by (i) 
mechanical robustness of the glass base plate and (ii) Si fin height 
that was constrained by the uniformity of DRIE. However, the 
effectiveness of the heat exchanger varied from 0.8 at a mass flow 
rate of about 0.01 g/s to 0.6 at 0.075 g/s, which matched the 
developed theoretical model. We are presently developing a new 
structure to avoid fracturing the base plate. If successful, the 
robustness, flexibility and performance associated with the 
micromachined device may result in the application of cryosurgery 
to new biomedical areas. 
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