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SOLID STATE PHYSICS WITH RADIOACTIVEISOTOPES�Doris Forkel-WirthCERN/TIS, CH-1211 Geneva 23, Switzerland(Reeived January 8, 1999)Solid state physis with radioative atoms employs nulear tehniqueslike Möÿbauer Spetrosopy, Perturbed Angular Correlation, �-NMR andEmission Channeling as well as traer tehniques like Radiotraer Di�usionor radioaitve Deep-Level Transient Spetrosopy, Capaitane-Voltagemeasurements, Hall-e�et measurements or Photoluminesene Spetros-opy. Di�erent problems are attaked in metals, semiondutors and su-perondutors, while defets and impurities in semiondutors still repre-sent the main �eld of ativities. Several possibilities exist to dope sampleswith radioative isotopes, ranging from di�using ommerially available ra-dioisotopes suh as 111In into the host lattie up to on-line implantationsat ISOLDE/CERN. The paper will give some examples for di�erent typesof experiments.PACS numbers: 61.72.Tt, 61.72.Vv, 71.55.Cn, 71.55.Eq1. IntrodutionSolid state physis with radioative isotopes represents a wide �eld, om-prising studies of defets and impurities in metals, semiondutors and su-perondutors. Bulk as well as surfae and interfae properties of solids aresubjet of numerous experiments with radioative isotopes and the num-ber of experimental groups working on these topis has onsiderably in-reased during the last years. This augmenting interest is mainly relatedto two reasons. In the early eighties the appliation of nulear tehniqueslike Möÿbauer Spetrosopy (MS), Perturbed Angular Correlation (PAC), �-NMR and Emission Channelling (EC) was swapped from metals to semion-dutors. Already the �rst results obtained by the di�erent methods provedthe big potential of new information on internal rystal �elds, on lattie sites,� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1587)



1588 D. Forkel-Wirthon di�usion mehanisms and on the interation between impurities or impu-rities and defets in semiondutors. A seond boost for solid state physiswith radioative isotopes was experiened in the beginning of the ninetieswhen traditional, non-radioative semiondutor tehniques like Hall e�etmeasurements (HE), Deep Level Transient Spetrosopy (DLTS), Capai-tane Voltage Measurements (CV) or Photoluminesene Spetrosopy (PL)were ombined with radioative isotopes. Immediately, this ombinationproved to be a very suessful one.The nulear tehniques (ME, PAC, �-NMR, EC) are based on the de-tetion of the deay produts (�-partiles, �-partiles, -quanta) emitted byspei�, radioative probe atoms. The spetrosopy tehniques of ME, PACand �-NMR exploit the fat that the emitted partiles or quanta arry in-formation about the hyper�ne interation between the eletri or magnetinulear moments of the spei� probe nuleus and the magneti �elds or theeletri �eld gradients of its surroundings. These internal magneti rys-tal �elds or eletri �eld gradients inform about lattie sites of impurities,the di�usion of impurities and the interation of impurities or of impuritiesand defets. Emission Channeling represents a straightforward tehniqueto determine the lattie sites of radioative probe atoms in rystals. Sub-stitutional or interstitial lattie sites of the probe atoms are identi�ed byounting the emitted �- or �-partiles under di�erent angles with respet tothe lattie diretions of a single rystal. The sensitivity of EC with respetto the impurity onentration is at least two orders of magnitude higher thanthat of related ion beam hanneling tehniques like Rutherford Bak Sat-tering (RBS). A detailed desription of all the nulear tehniques is given inreferene [1℄.The new traer tehniques like radioative DLTS, CV, HE or PL makeuse of the hemial transmutation involved in a �-deay. No radioativedeay produt is deteted, but simply the eletrial or optial measurementsare periodially repeated over a time interval adapted to the half life of theradioative impurity under investigation. The intensity of the eletrial oroptial signals will hange in time: these orrelated to the parent isotopewill derease and those orrelated to the daughter inrease. In ase the timedevelopment of the signal intensities mathes the half life of the radioativeprobe atom, the hemial nature of the impurity an be unambiguously as-signed to the observed eletrial or optial properties. Using the radioativedeay onstant as a �ngerprint of the impurity under study is the obviousadvantage of the traer tehniques ompared to the orresponding, non-radioative versions. The basis of the nulear and the traer tehniques areshortly desribed in referene [2℄.Up to now approximately 100 di�erent radioative isotopes have beenused in solid state physis, ranging from 8Li to 213Fr. They are produed



Solid State Physis with Radioative Isotopes 1589by nulear reations in reators or at aelerators and the doping of thehost lattie is performed either by nulear reation inside the material, byreoil implantation or by di�usion or implantation after nulear produtionand hemial separation. The radioative nulei are used as probes of theirstrutural or eletroni environment in metals, insulators, semiondutors orsuperondutors, on surfaes and interfaes. The major part of the ativityis foused on the investigation of defets and impurities in semiondutorssuh as Si, Ge, III-V or II-VI ompounds. The progress in this �eld isreviewed in several, reent publiations [2�8℄2. Experimental requirements2.1. Radioative probe atomsThe hoie of a radioative probe atom for a spei� experiment is onone hand determined by its hemial nature and on the other hand by itsnulear properties. Depending on the researh subjet the probe atom hasto represent either a self-atom or an impurity in the host lattie, a propertywhih is governed by its hemial nature. The requirements with respetto the nulear features depend on the applied tehnique. The hyper�nemethods like MS or PAC are rather limited in the hoie of suitable probeatoms sine they depend on very spei� deay patterns of the probe nulei.EC and the traer tehniques enjoy a larger hoie of suitable isotopes sinethey just require an �- or �-deay. As a ommon feature of all tehniquesthe range of feasible experiments is governed by the half live of the probeatom or its parent isotope, respetively.Half lives in the order of days are often preferred, sine they permit labo-ratory experiments studying systematially one sample in funtion of di�er-ent parameters like annealing onditions, measuring temperature or externalpressure. In addition, post-treatments are possible like eletron or protonirradiation of the samples for defet studies or the appliation of Shottkyontats to study semiondutors under di�erent eletroni onditions.Half lives in the order of hours need a reator, aelerator or an on-linemass separator lose by to provide probe atoms during the experiment ona regular basis with a repetition rate of some few hours. The possibilitiesfor the sample treatment are limited, but a wider hoie of suitable andinteresting probe atoms is available.Half lives of less than some ten minutes require on-line experiments, i.e.the experimental set-up of MS, PAC, EC or �-NMR is diretly onneted toan aelerator or an on-line mass separator. The probe atoms are repetitivelyor ontinuously implanted into the samples. The hoie of probe atoms iseven more enlarged but for the prie of very limited possibilities onerningthe subsequent sample treatment.



1590 D. Forkel-Wirth2.2. Doping proeduresThe radioative isotopes are produed at reators or aelerators. Someombinations of probe atoms and host latties an be diretly ahievedby nulear reations inside the material under study. Typial examplesare the doping of Cadmium and Cadmium ompounds with 111In via the111Cd(p; n)111In reation [9℄ or the prodution of the PAC probe atom 77Brin Arseni ompounds via the 75As(�; 2n)77Br reation [10℄. However, re-searh in nulear solid state physis demands a muh larger variety of possi-ble ombinations of probe atoms and host latties. Long-lived isotopes like111In or 57Co produed, e.g., at ylotrons, and radiohemially separatedfrom the target material an be either di�used or implanted into the rys-tal under study. Doping by di�usion is sometimes hampered by the surfaebarrier of the material or by small di�usion oe�ients. In addition a de-terioration of the rystal might be enountered, partiularly in the ase ofompounds where the omponents strongly di�er with respet to the partialvapour pressure (e.g., III-V semiondutors like GaAs or InP). However, inthe ases where it works out, the di�usion tehnique provides advantageswhen ompared to the implantation proess suh as a radiation damagefree inorporation and low volume onentration, deeper doping pro�les andgreater homogeneity of the probe atoms in the sample. One of the suess-ful examples is the doping of II-VI semiondutors (e.g. ZnO) with the PACparent isotope 111In by di�usion [11, 12℄.Doping by implantation is versatile sine the radioative isotopes anbe implanted into any rystal. O�-line implanters dediated to suh anappliation are available, e.g., at the universities of Göttingen and Bonnwith maximum implantation energies of 400 keV and 160 keV, respetively.Many pioneering PAC experiments had only beome possible due to thesuessful o�-line implantation of 111In into metals and semiondutors [13,14℄. Although implantation is the favorite doping tehnique, one has to keepin mind that radiation damage is its unavoidable ompagnon. Therefore,suitable tehniques for removing the radiation damage have to be exploredfor eah ombination of probe atom and host lattie prior to any otherexperiment. For obvious reasons both di�usion and o�-line implantationare restrited to radioative atoms with half-lives in the order of days.Another type of implantation tehnique, the so-alled reoil implantationwas developped at the heavy ion aelerator VICKSI (ISL-Berlin) [15℄ andlater on adapted to other mahines like the TANDEM aelerator at theUniversity of Erlangen [16℄. A heavy ion, proton or He beam strikes a thintarget and indues nulear reations. The reation produts are knoked outof the target with reoil energies up to several MeV and implanted into thehost material (ather foil). Due to the high reoil energy the implantationrange is in the order of some �m. This doping tehnique also permits the



Solid State Physis with Radioative Isotopes 1591use of short lived isotopes (111mCd, 3/2�state of 57Fe) and gives aessto a rather wide range of di�erent ombinations of probe atoms and hostlatties. However, the ather samples may be ontaminated by atoms fromthe target material or by produts of ompeting nulear reations. Moreover,the prodution rates of the probe atoms are not very high as ompared toan on-line implanter like ISOLDE at CERN in Geneva, and thus the beamtimes neessary for these types of experiments are rather long. Neverthelessmany suessful experiments are possible despite these drawbaks [16℄.The most versatile tool for doping solid state samples with radioativeprobe atoms is an on-line mass separator faility suh as ISOLDE at CERNin Geneva. Whereas o�-line separators only over mass separation and im-plantation, the on-line mass separator omprises the prodution, the hemi-al separation, the mass separation and �nally the implantation of radioa-tive isotopes into the sample within some few seonds [17℄. At ISOLDEup to 600 di�erent isotopes of 70 elements an be produed and the highintensity of up to 1011 ions per seond of those lose to stability enable awide range of solid state physis experiments. The implantation energy of60 keV results in a projeted range Rp for the isotopes of some tenths ofnanometers below the surfae.3. Experimental results and disussionsIn the seventies most of the experiments applying nulear tehniques werefoused on metals and defets in metals. This held in partiular for PACwhere the �rst studies of semiondutors only started in the beginnings ofthe eighties [18�20℄. Already these �rst experiments revealed surprising re-sults and theoretial models developed to interprete them are still valid [20℄.However, many of the experiments and the interpretation of their outomesu�ered from the sample preparation whih at this time resulted mainly inpolyristalline material. The breakthrough was reahed by two parellel de-velopments: (a) doping of well de�ned ZnO single rystals with 111In probeatoms via di�usion [11, 12℄ and (b) implanting 111In (T1=2 = 2:81 d) into Sisingle rystals [21℄. 3.1. Donor-aeptor interationThe II-VI ompound ZnO is a wide-band gap semiondutor that rys-tallizes in wurtzite struture. The doping of the ZnO single rystals withthe PAC probe atom 111In is ahieved by sprinkling ommerially available,aid 111InCl3 solution onto the ZnO rystals. Afterwards, the sample issealed into a quartz tube under atmospheri pressure and kept at 1300 Kfor about 15 hours. After this heating proess the 111In atoms are di�usedinto the rystal. The quadrupole hyper�ne interation is deteted at the



1592 D. Forkel-Wirthisomeri 5/2+ state of 111Cd whih is populated by the Eletron Capturedeay of 111In. PAC measurements revealed one eletri �eld gradient (efg)in the ase of pure ZnO rystals. It is haraterized by a quadrupole ou-pling onstant of �Q = 31:2(1) MHz at room temperature and an asymmetryparameter of � = 0. The results are in agreement with alulations basedon a modi�ed point harge model whih yield an axially symmetri �eldgradient (� = 0) and a quadrupole oupling onstant of 31.5 MHz for Cdatoms on substitutional Zn lattie sites in ZnO. Beause the reoil energyinvolved in the deay of 111In to 111Cd is too low to ativate a lattie sitehange, the mother isotopes 111In are also loalized on substitutional Zn lat-tie sites. Summarizing, these early experiments proved that it is possibleto loalize PAC probe atoms on well-de�ned lattie sites in semiondutorsby the di�usion proess [11, 12℄.ZnO rystals that had been predoped with Na and Li during the rystalgrowth revealed two di�erent eletri �eld gradients: one experiened byCd probe atoms loalized on Zn-lattie sites within an ideal ZnO lattiestruture (�Q = 31:2 MHz, � = 0) and a seond haraterized by the PACparameters �Q = 115(1) MHz and � = 0:2(1). This seond efg is interpretedas follows: after the di�usion proess 111In is loalized on substitutional Znlattie sites. As group-III element replaing a group-II element (Zn), theprobe atom In represents a donor due its exess of one valene eletron asompared to the self atom Zn. The alkali metals Na and Li (group I) arealso oupying Zn-lattie sites and at as aeptor impurities due to thelak of one valene eletron as ompared to Zn. During the di�usion proessof the sample preparation both, the aeptors (Na, Li) and donors (In),are ionized due to the elevated temperature. The attrative Coulomb foreleads to the formation of lose aeptor-donor omplexes by the trappingof mobile Na and Li aeptors at the In donors. By omparing the PACdata with theoretial alulations based on a modi�ed point harge model,the mirosopi struture of the In-aeptor and Cd-aeptor omplex (seeFig. 1), respetively, ould be dedued [11, 12℄.These suessful PAC experiments opened a new approah to donor-aeptor interation studies in semiondutors on a mirosopi sale. Com-pared to Eletron Paramagneti Resonane Spetrosopy (EPR) or InfraredSpetosopy (IR), the nulear tehnique PAC is less variable with respetto the hoie of probe atoms, but it is not limited to paramagneti entersor in temperature. Moreover, PAC is very sensitive to the total number ofomplexes: already 1011 to 1012 omplexes are a su�ient number to bedeteted. Consequently, similar PAC experiments in n-type Si followed verysoon and the formation of di�erent omplexes between In aeptors anddonors suh as P, As, Sb and Bi ould be investigated [21℄.
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Zn2+Fig. 1. Mirosopi struture of omplexes formed by Cd probe atoms and Naaeptors in ZnO. The Na aeptors are trapped by the positively harged donor111In, but the on�guration is observed by PAC after the deay of 111In to 111Cd[11,12℄.N -type Si doped with di�erent group-V elements was implanted with111In. Afterwards an isohronal annealing programme was performed, re-sulting in the removal of the radiation damage and the formation of loseomplexes of In aeptors and group-V donors. In all ases well de�nedeletri �eld gradients were observed at room temperature that ould beunambigously assigned to In-P, In-As, In-Sb and In-Bi pairs. In addition,omplexes were deteted aused by the trapping of two donor atoms at theprobe atom In (In-P2 and In-As2 omplex) [21℄. PAC experiments performedin n-type Ge yielded similar �ndings [22℄.In a further set of experiments the probe atom 111In was di�used inton-type Si. This proess is rather ompliated and involves the so-alled sil-ion diret bonding proess [23℄: after hydrophilizing the surfaes of two Siwafers, 111In was applied to one of them. The bonding was performed bykeeping the samples for several hours at temperatures between 1200 K and1500 K. Subsequent PAC measurements at room temperature proved theformation of In-donor omplexes. PAC measurments revealed a strong tem-perature dependene of the efgs that haraterize the lose aeptor donorpairs formed by the probe atom (111In!111Cd) and a P, As, or Sb atom (seeFig. 2).The drasti hange in the strength of the efg annot be explained bythermal lattie expansion or by phonons but by a model [20℄ whih takes
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Fig. 2. Temperature dependene of the eletri quadrupole oupling onstant �Q forCd-donor pairs in Si. The in�uene of the donor onentration in Sb-doped samplesis visible above 600 K. The values measured at low temperatures are idential withinthe experimental auray (� 1 MHz) [24℄.into aount that the ionization indued harge transitions at an eletriallyative enter in�uenes its efg. In ase the ative enter represents a deeplevel, the harge arriers ontributing to the ondutivity are loalized inthe neighbourhood of the dopant atom. The eletrially ative enter isprodued by the radioative deay of 111In into 111Cd, whih transformsan inative In-D pair (D: P, As, Sb) into a Cd-D (D: P, As, Sb) aeptor.The Fermi level is governed by the donors (P, As, Sb) that are present inhigher onentration than the aeptors (111In, 111Cd, 111Cd-D). At lowtemperatures the aeptors are ionized and the efg orresponds to a Cd-D� harge state. With inreasing temperature the ionization probabilitydereases and the harge state is haraterized by a dynami equilibriumbetween Cd-D� and Cd-D0, resulting in �utuating �eld gradients. Thetemperature dependene of the efg is determined by the Fermi statistis



Solid State Physis with Radioative Isotopes 1595and Fig. 2 shows the results of a �t of this theory to the data [24℄. Anadvaned version of this dynami model was developed later [25℄ and itsappliation yields the energy levels EA of the Cd-D aeptors whih areabout EA = EV + 0:5(1) eV.3.2. Hydrogen passivation and di�usion in III-V semiondutorsHydrogen is one of the most important impurities in semiondutors,both from the tehnial and the sienti� point of view. It appears ionized(H+, H�), atomi (H0), stable moleular (H2), metastable moleular (H�2) orpreipitated (H-platelets) [26, 27℄ and this rather puzzling behaviour posesproblems in understanding proesses like omplex formation and hydrogendi�usion.Hydrogen passivation in III-V semiondutors. The onept of hy-drogen passivation of donors or aeptors omprises the formation of nextnearest, eletrially inative hydrogen-dopant pairs. Due to the Coulombinteration H+ (H�) ions are trapped at the ionized aeptors A� (donorsD+). The two di�erent harge states ompensate eah other, the resultingomplexes are eletrially inative and the resistivity of the semiondutorinreases.Sine the late 80s many perturbed angular orrelation experiments havebeen arried out on hydrogen in Si [28, 29℄ and III-V semiondutors [6, 30℄and a onsiderable amount of new information ould be provided onerningformation, mirosopi struture and stability of aeptor hydrogen om-plexes. PAC studies on aeptor-hydrogen interation require the doping ofthe material with probe atoms representing aeptor impurities in the orre-sponding semiondutor. For Si this demand an be easily ful�lled by usingthe ommon PAC probe atom 111In!111Cd (T1=2 = 2:8 d). Similar inves-tigations in III-V semiondutors, however, poses a bigger problem, sine111In as group III element does not represent an eletrially ative impurity.Fortunately, the PAC probe atom 111mCd!111Cd (T1=2 = 45 min) exists,whih represents an aeptor in III-V semiondutors and whih is avail-able at ISOLDE as isotopially lean ion beam with su�ient high intensity(� 109 at/s).After 111mCd implantation and annealing the III-V semiondutor sam-ples were hydrogenated by two di�erent harging tehniques: plasma harg-ing and low-energy H+ implantation. Whereas the plasma-harging teh-nique might su�er from the oprodution of lattie defets and problemsonerning reproduibility, a low-energy and mass-separated proton beamavoids the formation of defets and an unwanted ontamination of the sam-ples.



1596 D. Forkel-WirthThe �rst hints of hydrogen-orrelated omplexes formed at the 111mCdaeptor were obtained after hydrogen-plasma harging of undoped GaAsand InP [30℄. Very soon PAC experiments on plasma harged, undopedInAs and GaP as well as on InSb followed [31℄, and well-de�ned efgs havebeen observed in all materials. These �ndings were on�rmed by PAC exper-iments in samples hydrogenated by low-energy proton implantation: GaAs,InP, InAs, GaP and very reently GaN were investigated after proton im-plantation at energies between 150 eV and 400 eV and doses between 1014and 1016 m�2 [6, 32℄. In H+-implanted GaAs, InAs and GaP samples thesame two on�gurations (f1(H), f2(H)) ould be observed as in plasma-harged rystals, but in InP only f1(H) appeared. In GaN two di�erenthydrogen-orrelated omplexes (f1(H), f1(H)�) have been found.Control experiments in GaAs and InAs after Ar+ (150 eV, 1014 m�2)and He+ (1 keV, 3 � 1014 m�2) implantations, respetively, did not revealthe formation of any omplex at all. This very strongly supports an inter-pretation of f1(H) and f2(H) in terms of omplexes formed by the trappingof the positively harged donor H+ at the negatively harged aeptor Cd�.Aording to the experimental �ndings, the omplex f1(H) is identi�ed asCd-H pair. Its axially symmetri efg tensor (� = 0) indiates an axially sym-metri omplex and the Cd-H pair is the most simple on�guration ful�llingthis requirement. The h111i orientation of the efg tensor orresponds to ah111i lattie orientation of the Cd-H pairs. In GaAs, InAs, InP and GaPthe rystallographi orientation and the stability of the Cd-H pairs supporta model proposed by Pajot [33℄ whih favours H on the bond-entre site,forming H-P and H-As bonds instead of an aeptor-hydrogen bond. InGaN omplex f1(H) and f1(H)* re�ets the wurtzite struture of the mate-rial: both are Cd-H pairs, but oriented into di�erent lattie diretions [32℄.Hydrogen di�usion. In the last few years, the breakthrough in the devel-opment of a spei� laser ion soure at ISOLDE enables PAC experimentson 117Cd whih open the aess to the study of free hydrogen migration inIII-V semiondutors.InAs, InP and GaAs have been implanted with 60 keV 117Ag atoms.After the deay of all 117Ag atoms (T1=2 = 73 s) into 117Cd (T1=2 = 2:4 h),the radiation damage was removed and 117Cd-H pairs were formed by lowenergy H+ ion implantation. The experimental onditions for annealing andhydrogenation were optimized aording to the knowledge obtained by theinvestigations on 111mCd. The radioative aeptor 117Cd deays into 117In,where the PAC measurement takes plae. After the hemial transmutationfrom Cd into In, the PAC probe atom no longer represents an aeptor buteither a onstituent (InAs, InP) or an isovalent impurity (GaAs). In InAs



Solid State Physis with Radioative Isotopes 1597and InP the H is no longer bound to the PAC probe atom by Coulomb foreand di�uses freely. The single di�usion jumps out of the next neighbourhoodof 117In an be observed by PAC as a funtion of temperature. The �rstexperiments revealed that H is still present in the immediate neighbourhoodof the 117In probe atom at 10 K and 78 K after the radioative deay. At 78 Kin GaAs and InAs the fration of probe atoms with H in the neighbourhooddereases. This indiates that H already starts di�using within the shorttime window of observation of about 100 ns, whih is determined by thelife time of the isomeri 3/2+ state of 117In. The mean time whih H needsto perform a �rst di�usion jump is determined by the temperature andan analysis of the preliminary data for InP and GaAs yields an ativationenthalpy for the H di�usion of about 200 meV [35℄. This value is in agreementwith data obtained for muon di�usion in GaAs [36℄, but signi�antly lowerthan those obtained by marosopi tehniques [37℄.3.3. Optial studies of Au and Pt in SiWith the exeption of some early, promising attempts [38℄ the trendto ombine radioative isotopes with ommon semiondutor-physis teh-niques only started at the beginning of the 90s. The very �rst experimentombining DLTS and radioative isotopes was performed using the systemAu and Pt in Si [39℄. Later, optial methods like radioative PL have beendeveloped. Whereas the system Cd in GaAs was studied after o�-line im-plantation of 111In!111Cd in Konstanz [40℄, �rst PL experiments on Au andPt in Si were launhed at ISOLDE [41℄.N -type Si ([P ℄ = 1015 m�3) was implanted with 60 keV 191Hg and195Hg isotopes. After the deay into 191Pt and 195Au, respetively, the im-plantation damage was removed by annealing the samples for 5 s at 1173 K.The PL spetra, however, surprisingly revealed reombination lines whihhave been assigned to Ag (in ase of 191Pt) and Fe (in ase of 195Au) inearlier publiations. But with inreasing time, the intensity of the �Ag�-line dereased with a time onstant orresponding to the half life of 191Pt(T1=2 = 2:9 d) whereas the same line appears during the radioative deayof 195Au into Pt (see Fig. 3). The intensity of the Fe related lines dereaseswith the radioative deay onstant of 195Au into 195Pt. Therefore the PLline whih is ommonly assigned to Fe is most probably aused by Au-Feomplexes, and the former �Ag� line is found to be Pt related. An unam-biguous identi�ation demands more experiments on radioative Au and Ptin Si, but already after these few pilot PL experiments new results ould beobtained on a system whih has been studied for nearly 40 years.
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Fig. 3. PL spetra of Si doped with 191Pt and 195Au. In both ases a lear timedependent hange of the PL spetra an be observed. (a) shows the results of thehemial transformation of 195Au into 195Pt and (b) for 191Pt into 191Ir [41℄.3.4. Site-seletive doping of semiondutorsRadioative isotopes an be also used for a well-de�ned, site-seletivedoping of rystals. Here, the hemial transmutation involved in the � oreletron-apture deay of the orresponding radioative atoms fores thedopant on the desired lattie site. At ISOLDE this tehnique was applied toinrease the doping e�ieny in II-VI semiondutors. The impurity Ag isknown to at as an aeptor in CdTe when oupying Cd lattie sites. Butdoping CdTe with Ag by onventional tehniques like di�usion turns outto be not very e�ient: although SSMS (Spark Soure Mass Spetrosopy)detets between 1017 and 1019 Ag atoms m�3 only up to 1 % of these Agatoms at as aeptors [42℄.Therefore a new approah of doping was tested at ISOLDE: the transmu-tation doping of CdTe by implanting 107Cd, deaying into 107Ag within 6.5
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Fig. 4. CV measurements of the time dependent inrease of the aeptor density inp-type CdTe following the transmutation of 107Cd into 107Ag [42℄.hours. The 107Cd ions were implanted at 60 keV up to a dose of 1012 m�2into CdTe. Immediately after the implantation the radiation damage wasremoved by annealing the samples at 450ÆC and 600ÆC, thus ensuring that107Cd will be loalized in the Cd sublattie after this treatment. Sine thereoil energy involved in the �-deay is very small, the daughter dopant107Ag should oupy Cd sublattie sites after the radioative deay, too.Fig. 4 shows the results of Capaitane�Voltage measurement. CV is notsensitve to the region lose to the surfae and therefore only a part of theGaussian-shaped implantation pro�le an be observed. The measurementsreveal that the implantation pro�le has broadened due to di�usion and thatthe number of aeptors is inreasing with time, mathing the half life of107Cd (6.5 h). Finally, nearly all 107Cd atoms have transmuted into 107Agaeptors, indiating a doping e�ieny of nearly 100 % [43℄.
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