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Neutron transmutation_doped (NTD) ger
compositiof ("&Ge) has been widely used for phonon 1
searches and neutrino physics 1-3, as thermistors for a
observations 47 and fof ¢ositic ray background measu.
NTD technique to Ge has been the key 0 successful thermi

kmown 1o prodiice the most homogeneous, perfectly.
L ken lines labeled "NTD 2~
er iitnber of "Ge samples doped by .
Log p is plotted aga able range hopp
conduction” ! beiow ~1K, predicts. the

where pg and Tg are parameters which depend on the niceitratio
and the the compensation ratio K, .., the ratio of acceptor and donor concentrations.
is seen in Fig. 1 that the resistivity Al NTD MatGe saimples obeys the law given in
Eq.1. The compensation range 0<K<1 is required for holes to be able to hop from

rs using. the avail from the crystal
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A particle (radiation) detector such as a NTD Ge thermistor makes use of the well
behaved dependence of the resistivity on temperature described above. The thermistor
is maintained at a base temperature TR by a thermal link connected to a thermal bath.
The temperatiire inerease of the thermistor due to energy dissipation of incident
particles or radiation is det ity i
defined by the temperature coefflcmnt"cz:'

' (ﬁ

where R is the resistance. ~Electronic noise” consxderauons _require’ an_opumum
thermistor resistance of 5x10° 1o 5x107 €. ’Thé Lirger the dR/JT, the larger is the signal
for a given AT. If one wishes to design dR/dT for a given Tp, appropriate control of the

parameters pg and Tg-appearing in Eq. 1 is required. AS s
depend on Na and K. The application of the NTD techmque t
control Na and Np (by adjusting the amount of neutron irradiation), but the
compensation ratio K(=Np/Na ) remains fixed at 0.32. 9 A control of K can be realized
only by changing the isotopic composition of the starting Ge crysnals as discussed in

in order to und
those of NTD MGe and quanutauvelv interpreted.

2. EXPERIMENTAL

Research.
atmosphere v
thick '
implz . : )
The stri nniealed again at 300°C for ‘one hour to
$in the metal film.
wires Hedt sink the samples and prov
during measurements.. The saraples, v
in order 1o avoid any stress. A (wQ

of the high resistance of the five samp
sample was recorded on a X-Y plotter by slowly changing the blas voltage The linear
(ohmic) part ng from the origin was used to caiculate the resistivity of

each sam

Flg 1 shows the temperature dependence of lheres1suv1ty0fﬁv
and of eight NTD Ma'Ge samples. Excellent fits with Eq. 1 are obtained for all res




Hopping Conduction.in NTD 0Ge:Ga 3H9

1K 500mx 200mK T 100mK 82.5mK
[ A P . Y - :
7

—
Q
=

NTDS5 ~
NTD 14 ~

-y
o
@

b
(=]
o

10*

100

Resistivity (Ohm-cm)

luq. TITR T TR T T T VTR I:lq 1"'1 hhdis SRALL BLLL . IRl W

0.0.1.“:” ,.1 s T

Fig. lTem
70Ge:Ga samples: /G
0Ge-2.15 (@)

resistivity of vario NT’ D MtGe:Ga and NTD
70Ge-1.90 (M), 70Ge-1.65 ()

0Ge-1.65 14.5 <0.01 14.5 <0.001 0.0006 100.3
M0Ge-2.15 177 <0.01 17.7 <0.001  0.0215 20.7
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curves. Table 1 lists basic sample parameters such as [Gal, (As], [Sel., and the net-hole
concentration (NA-ND}, cqmpensalion__ratio K, and the parameters, pPo and Tg, fitted

Eor cosmic ray background ¥ and other measurements performed in *He
refrigerators near 300mK, we first note that NTD 70Ge-1.90 is more sensitive than
NTDS5 for T>300mK by a factor of 5 6. 70Ge-1.90 has a Tg which is factor 2.6 larger
than Tg of NTD35 while maintaining the resistivity in the optimum range of 10°~107Q
cm at T=300~500mK. The effect of compensation {0 the hopping conduction can be
recognized by comparing the resistivity curves of NTD18 with 7°Ge-2.98 and 0Ge-
2.15 in Fig. 1. Although 70Ge-2.98 has a slightly higher ] hole concentration than
NTDI18, p of 70Ge-2.98 is almost 4 orders of magnitude larger than p of NTD18 around
K. NTD 18 and 70Ge-2.15 resistivity curves are similar, but the net-hole concentration
of 70Ge-2.15 is three times larger than NTD18, The resistivity of T0Ge:Ga samples
with K<0.001 is significantly larger because &fe are not enough empty Ga acceptor
states into which holes can hop. On the other sites in NTD naiGe are
ionized (i.e.. without a hole) so that hole hopping occurs ! eadily.

In Fig. 2 (a) and (b) we compare the po and Tg values of NTD "2Ge:Ga and NTD
70Ge:Ga, respectively, as a function of the met-hole concentration, Despite the
difference in K, po of the NTD "3Ge dnd NTD 70Ge in Fig. 2.(a).for concentrations up
10 ~1017 em3 coincide and continuously decrease until a net-hole concentration of
1.5%x1017 cm-3 is reached. The higher concentration points of 70Ge rise again.
Although a similar dependence was reported for Si:P system 13 confirmation of this
increase'ii"’f'b"(j’"'requixp_s:___fur__thgr_:_iq__gpstigation. For Tg significant differences exist
between NTD MiGe and NTD 70Ge as s Fig. 2 (b). figctors with

K<<0.1, the value of Tg approaches zero as the net-hole ConCeEntration ny; approaches
14

the metal-semiconductor transition critical concentration n¢ with a form:
To=A(1-nync)P 3)

where A and f are constanis. Using Eq. 3, a good fitto the Tg of NTD 70Ge (solid line
in Fig. 2 (b)) is obtained with: |
T (NTD 70Ge) = 437.3£16 (1 - ny 7 1289101 73! 0640.12, )

Eq. 4 allows us 1o estimate this arsiint of Ga do
of Tg for our future NTE '
estimate the other portant parameters such.a Ca
dielectric constant.14 However, this will be disctissed in a future publication because
more Tp data points are necessary 10 obtain a truly reliable fit. We also attempted 10 fit
Tg of NTD "2iGe with Eq. 3 but were unsuccessful. ne of NTD naiGe must be larger
than n¢ of NTD 70Ge because NTD M3'Ge has a significantly higher compensation.
However, it is impossible to fit To of NTD natGe with n larger than 1.89x107em3, In
general, much o___f______:_m_c___:meorctical work on the variable range hopping conduction, -
including Eq. 3 "hag been developed for the case of nearly uncompensated.
semiconductors. Further studies are clearly necessary to de

& value of B also allows us 10

_ p a better understanding
of the effect of compensation on hopping conduction. R

ping necessary.to.obtain.a specific value

ch as ihe hole localization length and
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The neutron transmutation doping ‘technique was successfully applied to
isotopically enriched 79Ge crystals:”"'*79Ge:Ga samples with a range of Ga
concentrations with K<0.001" were produced. The temperature dependence of the
variable range hopping resistivity of NTD 70Ge:Ga was found to be significanty
different from that of NTD M2!Ge dug 10 the différsnice in“the conipersation ratio. The
NTD 70Ge:Ga thermistors were found to have more than a factor of two higher
sensitivity than NTD "3'Ge devices for temperatures T>300mK.
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